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ABSTRACT

Tuberculosis, caused by Mycobacterium tuberculosis, is responsible for over 1 million
deaths per year. Bedaquiline is a key antibiotic in the treatment of drug-resistant
tuberculosis and its discovery stirred an interest in developing therapies targeting
mycobacterial bioenergetics. Despite bedaquiline’s importance, several incompatible
models for its mode of action have developed: that it acts as a direct inhibitor of
mycobacterial ATP synthase or that it disrupts the proton motive force through

protonophore or H*/K* ionophore action.

Non-invasive techniques applied to living cells offer the potential of monitoring real-time
changes in bioenergetic systems. To this end, visible-wavelength remission spectroscopy
and 3P NMR are applied here to better understand mycobacterial bioenergetics and

unravel bedaquiline’s mode of action.

Visible-wavelength remission spectroscopy was used to examine the effects of
bedaquiline on the mycobacterial oxidative phosphorylation system in Mycobacterium
smegmatis and Mycobacterium tuberculosis. Comparison between these effects and
those of established bioenergetic inhibitors and protonophores/ionophores show
bedaquiline acts as a direct inhibitor of ATP synthase. Experiments with cytochrome bd
oxidase knockout strains demonstrate the oxygen consumption increase observed on

bedaquiline addition is due to an increase in activity of cytochrome bd oxidase.

The use of 3P NMR to study metabolism in live cells was explored: experiments on
unoxygenated Mycobacterium smegmatis cultures demonstrate that this method can be
used to monitor levels of phosphorylated metabolites. A system for oxygenating and

mixing bacterial cultures during NMR experiments was developed for future use.

Establishing that bedaquiline acts as a direct inhibitor of ATP synthase allows
rationalisation of its synergy with other compounds and for its role in future combination
regimes to be evaluated. The NMR data sets the scene for others to measure the effect
bedaquiline has on the ATP/ADP ratio in live mycobacteria to further understand how

inhibition of ATP synthase eventually leads to cell death.
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MK Menaquinone

MKH, Menaquinol

MOPS 3-morpholinopropane-1-sulfonic acid

MRI Magnetic resonance imaging

Msm Mycobacterium smegmatis

MT Magnetisation transfer

Mtb Mycobacterium tuberculosis

NAD* Nicotinamide adenine dinucleotide

NADH Dihydronicotinamide adenine dinucleotide
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1. INTRODUCTION

1.1. AN INTRODUCTION TO MYCOBACTERIA

1.1.1. Characteristics of mycobacterial cells

The genus name Mycobacterium was established in 1896, with the prefix myco-
coming from the Greek word for fungus and referring to the tendency of bacteria in
this genus to grow colonies that appear to be mould-like on liquid media (Lehmann
and Neumann, 1896). At the time of writing, the List of Prokaryotic Names with
Standing in Nomenclature (LSPN) recognises 197 species as belonging to the genus
and having been validly published (Parte et al., 2020; Parte, 2024). This list features
both obligate pathogens and environmental bacteria, with some acting as

opportunistic pathogens while others remain unlinked to disease.

Despite the variation in environmental niches, there are several key features that
unite the members of this genus. All Mycobacterium species possess a characteristic
cell wall comprised of a layer of peptidoglycan closest to the cell membrane, followed
by an arabinogalactan layer which is itself covalently joined to mycolic acids; B-
hydroxy fatty acids containing around 60-90 carbon atoms (figure 1.1) (Greenwood et
al., 2007). An additional layer of free polysaccharides, proteins and lipids forms a
capsule around the cell wall, with the exact composition of this layer depending on

the species (Daffé and Draper, 1998; Pereira et al., 2020).

The mycolic acids in mycobacterial cell walls make them acid-fast, meaning after the
bacteria have been stained, they do not readily decolourise on treatment with acids
used in classic staining procedures. This property means that in Gram stain tests
mycobacteria appear only faintly Gram-positive or Gram-neutral (Trifiro et al., 1990;
Fisher et al., 1990), despite the fact they do not possess an outer-membrane and have
a thick peptidoglycan layer like Gram-positive bacteria. The lack of a clear Gram stain
test result has led to mycobacteria being ascribed the Gram-positive label based on
these traits alone in literature (Cook et al., 2009; Forbes et al., 2018), however this is

somewhat controversial. The hydrophobic nature of the mycolic acid layer means it
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has some similarities to the outer-membranes of Gram-negative bacteria (Greenwood
et al., 2007), and so mycobacteria do not neatly fall into either the Gram-positive or

Gram-negative category.

Free lipids, polysaccharides

rrfainfer i

Mycolic acids

OO st

Peptidoglycan

Periplasm

535053575355 5755 00 155D esma e
SEEBEBESEEEE)8&E

Figure 1.1: The structure of mycobacterial cell walls. The exact composition of the
mycolic acid layer as well as the capsule of free lipids, polysaccharides and proteins

depends upon the individual species.

Some other notable traits of mycobacteria are that they are obligate aerobes, have
rod-shaped cells and do not sporulate (Cook et al., 2009; Traag et al., 2010). They are
also generally considered to be non-motile, although Mycobacterium marinum (M.
marinum) has been observed to display actin-based motility under intracellular
conditions; a strategy employed by bacteria across multiple genera that involves
stimulating polymerisation of actin in host cells (Stamm et al., 2003). Sliding motility
has also been reported in some mycobacterial species (Martinez, Torello and Kolter,
1999), with sliding being defined as a type of movement across a surface reliant on
the materials that make up a cell’s exterior providing reduced friction between the

cell and the surface (Henrichren, 1972).

Mycobacteria can be categorised by growth rate. Species that form visible colonies on
solid media in under 7 days are referred to as rapidly growing mycobacteria (Kim et

al., 2013). Species that take over 7 days to form colonies are described as slow growing
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mycobacteria. Slow growing mycobacteria can be further categorised into one of
three groups depending on their pigmentation using a system devised by Runyon
(Runyon, 1959). Group | is made up of species that produce a pigment on exposure to
light, otherwise known as photochromogens, while group Il species are
scotochromogens, meaning they produce a pigment under light and dark conditions.
The remaining nonchromogens, species that do not produce pigment, are sorted into
group lll. Rapidly growing mycobacteria are also described by the Runyon

classification system, with all of them being placed into a single group (group 1V).

Recently there has been some debate over whether the Mycobacterium genus should
be split into five separate genera (Mycobacterium, Mycolicibacterium, Mycolicibacter,
Mycolicibacillus and Mycobacteriodes). Previously, assortment of species into the
Mycobacterium genus was mostly based upon 16S rRNA analysis along with the
physical characteristics of cells (Rogall et al., 1990; Stahl and Urbance et al., 1990),
with comparison of housekeeping gene sequences being used to further define the
phylogenetic relationships between species (Guillemin, Cambau and Jarlier, 1995; Kim
et al., 2005; Tortoli et al., 2012). In 2018, Gupta et al. examined the whole genome
sequences of 150 mycobacterial species and found these species could be sorted into

one of five distinct clades (Gupta, Lo and Son, 2018).

The result of this study was the proposal that the Mycobacterium genus should be
reclassified to include only members of one clade, with other mycobacteria being
sorted into one of the other four genera listed above. As pathogenic mycobacteria are
split across these new genera, there has been some reluctance to adopt the new
nomenclature over concerns it may result in confusion in a clinical setting (Tortoli et
al., 2019; Armstrong and Parrish, 2021). Additionally, a later study which considered
the percentage of conserved proteins along with the alignment fraction and average
nucleotide identity of 146 mycobacterial species and 214 other bacterial species in the
Corynebacteriaceae family, found this approach did not support the proposed split

(Meehan et al., 2021).

Currently, Mycobacterium is considered to be synonymous with the newly introduced

genera. To limit confusion, and based on the new evidence provided, this report will
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use only the genus name Mycobacterium to refer to the bacteria in all five of the

newer genera.

1.1.2. An overview of the range of diseases caused by
mycobacteria

The most common human disease resulting from infection with mycobacteria is
tuberculosis (TB), caused by members of the Mycobacterium tuberculosis complex
(MTBC). The MTBC is comprised of several species known to cause tuberculosis in
humans and/or animals, with the validly published members being Mycobacterium
tuberculosis (M. tuberculosis), Mycobacterium africanum (M. africanum),
Mycobacterium bovis (M. bovis), Mycobacterium caprae (M. caprae), Mycobacterium
pinnipedii (M. pinnipedii) and Mycobacterium microti (M. microti) (Gagneux, 2018;
Parte et al., 2020; Parte, 2024).

TB is currently the leading cause of death due to a single infectious agent/complex
worldwide (World Health Organisation, 2024a). Each year there are over 1 million TB-
related deaths, with an estimated 1.25 million occurring in 2023, accompanied by 10.8
million new cases in the same year. As well as causing active infections, MTBC
members are able to persist in hosts without causing symptoms and this is referred to
as latent TB (Kiazyk and Ball, 2017). Around one quarter of the global population is
thought to be infected with MTBC bacilli, and it is estimated 5-10% of these latent
infections will go on to develop into the active form of the disease (World Health
Organisation, 2024a). This reactivation is complex and not fully understood, however
it is known that comorbidities, such as HIV coinfection and diabetes, greatly increase
the risk of reactivation of a latent TB infection, likely due to their impacts on the

immune system (Kiazyk and Ball, 2017; Ngo, Bartlett and Ronacher, 2021).

TB most commonly affects the lungs (pulmonary TB), with TB infection in any other
organ being referred to as extrapulmonary TB. Extrapulmonary TB cases account for
around one in five diagnosed TB cases and extrapulmonary TB is more common in
immunosuppressed individuals (Golden and Vikram, 2005; Gambhir et al., 2017),
although it should be noted the definition of extrapulmonary TB varies depending on

region. In the UK, infection of the pleura with TB is labelled as pulmonary TB, whereas



in the USA it is regarded as extrapulmonary TB (Chaisson and Nachega, 2010).
Symptoms of pulmonary TB include a persistent but initially non-productive cough,
that may progress to production of blood-stained sputum, along with fever, malaise
and night sweats. It is also common for pulmonary TB infection to result in a loss of
appetite and weight loss, with the impact of these symptoms on patients resulting in
the disease being historically referred to as Phthisis, the Greek word for consumption
(Moonan, 2018). In the case of extrapulmonary TB, the exact form the disease takes

is dependent on where the infection is located (Chaisson and Nachega, 2010).

Some species show a high host specificity for humans, namely M. tuberculosis and M.
africanum (Brites and Gagneux, 2015). Cases of animal infection with M. tuberculosis
have been reported but these are usually believed to be due to human-to-animal
transmission (O’Reilly and Daborn, 1995; Ocepek et al., 2005; Schmidt et al., 2008).
Other members of the MTBC are also known to cause TB in humans, with the majority
of these cases arising from infection with M. bovis and M. caprae. M. bovis has the
largest known host range of all members of the MTBC, with domestic cattle acting as
the primary source of human infection (O’Reilly and Daborn, 1995), while caprids act
as the main animal reservoir of M. caprae (Rodriguez et al., 2011). Together M. bovis
and M. caprae account for approximately 1-3% of human cases, with almost all of

these cases being a result of zoonotic transmission (Mdiller et al., 2013).

While studies have shown it is possible for members of the MTBC to persist in the
environment for a number of months (Fine et al., 2011; Velayati et al., 2015), the main
sources of exposure are from animal and human reservoirs, with bacteria being
transmitted from host-to-host. Human-to-human transmission mainly occurs via
respiratory droplets (Riley et al., 1959; Yates et al., 2016), while consumption of
unpasteurised dairy products is a major driver of zoonotic transmission (Cosivi et al.,

1998; Collins et al., 2022).

Leprosy is the second most common mycobacterial disease in humans, although it is
significantly less prevalent than TB, with around 174,000 new cases reported in 2022
(World Health Organisation, 2023a). The disease is caused by the intracellular

pathogens Mycobacterium leprae (M. leprae) and Mycobacterium lepromatosis (M.
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lepromatosis), with neither able to be cultured in vitro. In addition to infecting
humans, M. leprae is also known to infect armadillos, some non-human primates and,
more recently, has been found in red squirrel populations in the UK (Meyers et al.,
1991; Hamiliton et al., 2008; Avanzi et al., 2016). Samples of M. leprae have also been
found in the environment but host-to-host transmission via respiratory droplets is

believed to be the major driver of new infections (Ploemacher et al., 2020).

Leprosy mainly affects the peripheral nervous system and skin, with symptoms often
including numbness in affected areas and skin lesions (Lockwood, 2010). The severity
of disease depends upon the immune response of the host, with leprosy infections
existing on a scale between two extremes. A strong cell-mediated immune response
reduces the ability of the bacteria to replicate resulting in a less severe infection
referred to as tuberculoid leprosy. Lepromatous leprosy describes cases where there

is no effective cell-mediated immune response and thus a greater bacterial load.

M. leprae was thought to be the only causative agent of leprosy until M. lepromatosis
was first isolated from a leprosy patient in 2008 (Han et al., 2008), with subsequent
and retrospective diagnoses linking the species to other leprosy cases in humans (Deps
and Collin, 2021). Like M. leprae, M. lepromatosis has been detected in red squirrel
populations (Avanzi et al., 2016), but thus far does not have any other known natural
hosts besides humans. Given the relatively recent discovery of the species, it is

possible further natural hosts may be found in future studies.

All other mycobacterial species are grouped together under the term non-tuberculosis
mycobacteria (NTM) and are environmental organisms. A number of these species,
particularly slow growing mycobacteria, are capable of causing disease in humans,
often in immunosuppressed individuals (Collins, 1989). These infections can manifest
in a number of ways depending on the species responsible and the site of infection.
The four main manifestations are chronic pulmonary disease, especially where there
is already damage to lung tissue, swelling of the lymph nodes (lymphadenitis), post-
inoculation skin-lesions or abscesses and disseminated disease (Grange and Davies,
2010). Only two infections resulting from NTM bacteria are recognised as their own

distinct and named diseases, with these being Buruli ulcer, caused by Mycobacterium
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ulcerans (M. ulcerans) and aquarium granuloma (also known as swimming pool/fish

tank granuloma), caused by M. marinum.

There were slightly under 2000 suspected cases of Buruli ulcer in 2023 (World Health
Organisation, 2024b). The disease usually first presents as a painless subcutaneous
skin nodule which proceeds to ulcerate 1 to 3 months after infection (Meyers and
Portaels, 2010). The size of the resulting ulcer is variable, especially as it is possible for
the bacteria to disseminate and spread outwards from the affected area. In addition
to the disfiguring, and sometimes debilitating, effect of the disease, there is also a risk
of secondary infection at the site of the ulcer (Kpeli and Yeboah-Manu, 2019).
Currently, the mode of transmission is poorly understood. Infections are believed to
arise from skin being inoculated with M. ulcerans via coming into contact with infected
water, however insect vectors have also been proposed to contribute to disease

spread (Merritt et al., 2010).

Aquarium granuloma presents as lesions in the skin which often resemble warts
(Grange and Davies, 2010). Due to the relative rarity of the infection, it is less well-
documented compared to the other three named mycobacterial diseases. In the USA
the annual incidence rate is estimated to be between 0.05-0.27 cases per 100,000
adults per year (Aubry et al., 2017). As the name implies, the disease is acquired from
breaks in the skin barrier being in contact with water infected with M. marinum

(Grange and Davies, 2010).

Other species of mycobacteria responsible for NTM infections include the rapidly
growing Mycobacterium abscessus (M. abscessus), Mycobacterium chelonae (M.
chelonae) and Mycobacterium fortuitium (M. fortuitium) (Grange and Davies, 2010).
All three of these species are capable of causing pulmonary, cutaneous or soft tissue
infections depending on the route of infection. The most common cause of pulmonary
infection with rapidly growing mycobacteria is M. abscessus (Griffith, Girard and
Wallace, 1993; Esther et al., 2010), which is also notable for having intrinsic resistance
to several antibiotics used against other mycobacterial infections, making it difficult

to treat (Luthra, Rominski and Sander, 2018).
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The most common slow growing mycobacteria known to cause pulmonary disease
include the members of the Mycobacterium avium (M. avium) complex (MAC) along
with Mycobacterium kansasii (M. kansasii), Mycobacterium gordonae (M. gordonae)
and Mycobacterium xenopi (M. xenopi) (Hoefsloot et al., 2013). Transmission routes
are currently not well understood, however as mycobacteria are known to exist in
various water sources, including inside household plumbing (Honda et al., 2016), it is
believed exposure to contaminated water, particularly aerosols, is the main source of
infection (Falkinham, 2013; Morimoto et al., 2018). There is also evidence for host-to-

host transmission of M. abscessus (Bryant et al., 2016).

Cutaneous and soft tissue infections caused by the rapidly growing mycobacteria
listed above along with the slow growing Mycobacterium haemophilum (M.
haemophilum) and MAC are usually linked to some form of inoculation via trauma or
invasive procedures (Lindeboom et al., 2011; Wi, 2019). Examples of where such
transmission has occurred include surgeries, with a number being cosmetic
procedures (Meyers et al., 2002; Sax et al., 2015; Shen et al., 2024), tattooing (Drage
et al., 2010; Giulieri et al., 2011), and acupuncture (Koh et al., 2010). Much like with
pulmonary infections, the contamination is thought to come from mycobacteria in
water supplies, either through direct contact or via contaminated water being used to

clean instruments followed by improper sterilisation.

Overall, mycobacterial infections (summarised in table 1.1) represent a significant
global health burden, with the majority of this being due to TB. Other mycobacterial
diseases, although less prevalent, still have a dramatic effect on the quality of life of
infected individuals, from both a health and social perspective in the case of
disfiguring infections like leprosy and Buruli ulcer. To develop and best exploit
treatment options for mycobacterial diseases, it is of vital importance that we have a

thorough understanding of the biology of these organisms.

19



Table 1.1: Most common mycobacteria associated with human infection. For NTM
infections, the most common forms of disease for each species are listed. The
abbreviations RGM and SGM are used in place of rapidly growing mycobacteria and

slow growing mycobacteria respectively.

Species Associated RGM or Associated Main (suspected)
complex SGM disease transmission route
M. tuberculosis MTBC SGM Tuberculosis Person-to-person,

respiratory droplets

M. africanum MTBC SGM Tuberculosis Person-to-person,

respiratory droplets

M. caprae MTBC SGM Tuberculosis Animal-to-person,

respiratory droplets

M. bovis MTBC SGM Tuberculosis Animal-to-person,
respiratory droplets

and contaminated

dairy
M. leprae M. leprae SGM Leprosy Person-to-person and
complex animal-to-person,

respiratory droplets

M. lepromatosis M. leprae SGM Leprosy Person-to-person,
complex respiratory droplets
M. ulcerans n/a SGM Buruli Ulcer Skin injury in contact

with contaminated

water
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M. marinum n/a SGM Aquarium Skin injury in contact
granuloma with contaminated
water
M. abscessus M. RGM NTM infection Contaminated
abscessus (pulmonary,  water/surface (person-
complex cutaneous and  to-person recorded)
soft tissue) (aerosols,
injury/surgery)
M. chelonae n/a RGM NTM infection Contaminated water
(pulmonary, or surface
cutaneous and (aerosols,
soft tissue) injury/surgery)
M. fortuitum n/a RGM NTM infection =~ Contaminated water
(pulmonary, or surface
cutaneous and (aerosols,
soft tissue) injury/surgery)
M. avium MAC SGM NTM infection  Contaminated water
(pulmonary, or surface (aerosols,
lymphadenitis injury/surgery)
and
disseminated)
M. intracelluare MAC SGM NTM infection ~ Contaminated water

(pulmonary,
lymphadenitis
and

disseminated)

or surface (aerosols,

injury/surgery)
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M. chimera MAC SGM NTM infection = Contaminated water
(pulmonary, or surface
cutaneous and (aerosols,
soft tissue) injury/surgery)
M. n/a SGM NTM infection Contaminated water
haemophilum (cutaneous or surface
and soft (injury/surgery)
tissue)
M. kansasii n/a SGM NTM infection Contaminated water
(pulmonary) (aerosols)
M. xenopi n/a SGM NTM infection = Contaminated water
(pulmonary) (aerosols)
M. gordonae n/a SGM NTM infection  Contaminated water

(pulmonary)

(aerosols)

1.2. EVOLUTION OF MYCOBACTERIA

1.2.1. The divergence of rapidly growing and slow growing
mycobacteria

Genetic evidence points towards one of the early major divergences in the course of
mycobacterial evolution being the split of slow growing and rapidly growing
mycobacteria from a rapidly growing common ancestor (Devulder, de Montclos and
Flandrois, 2005). Comparison of the genomes of 157 mycobacterial species revealed
distinct differences between the genomes of slow growing and rapidly growing
mycobacteria, with a couple of exceptions where species display a slow or
intermediate growth phenotype but genetically resemble rapidly growing
mycobacteria and one example where the reverse is true (Bachmann et al., 2019).

These outliers appear to be descended from the slow growing and rapidly growing
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mycobacteria common ancestors respectively and later evolved to have different

growth rates.

Slow growing mycobacteria only possess one 16S rRNA cistron compared to the two
16S rRNA cistrons found in nearly all rapidly growing mycobacteria and this difference
has been proposed to contribute to the growth rate difference between the two
(Primm, Lucero and Falkinham, 2004). It should be noted however that M. abscessus
and M. chelonae, two rapidly growing mycobacteria, also possess only one 16S rRNA
cistron, demonstrating the growth rate of mycobacteria is determined by a number of
factors (Prammananan et al.,, 1998). Another genetic difference between slow
growing mycobacteria and rapidly growing mycobacteria that may also affect growth
rate are that rapidly growing mycobacteria possess a larger number of genes related
to amino acid transport, metabolism and transcription compared to slow growing

mycobacteria (Bachmann et al., 2019).

Comparison of genomes from 187 mycobacterial species demonstrated slow growing
mycobacteria genomes are overall smaller and contain fewer genes than rapidly
growing mycobacteria genomes (Zhang et al., 2023). The genes found to be enriched
in slow growing mycobacteria are associated with cellular defence and virulence
(Bachmann et al., 2019). These include the ESX-5 Type Il section system, which plays
a key role in transporting PPE proteins, another set of genes enriched in slow growing
mycobacteria which have been implicated to have a role in immune evasion (Forrellad

et al., 2013; Saini et al., 2016).

1.2.2. The emergence of pathogenic mycobacteria

There are two groups of mycobacterial species which display a pathogenic rather than
a mainly environmental lifestyle, with these being the MTBC and the M. leprae
complex. The current theory on how this lifestyle change occurred is that an
environmental Mycobacterium ancestor was taken up and then adapted to survive
inside free-living protozoa (Gagneux, 2018). As the bacterium accumulated
intracellular survival strategies, with these allowing evasion of digestion by the
protozoa, it gained the ability to survive inside mammalian macrophages, and later,

the ability to be transmitted from host-to-host.
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Evidence for this theory comes in the fact that environmental mycobacteria today are
found in the same environments as amoeba (soil and water). Survival of mycobacteria
inside amoeba has been demonstrated in vitro and acid-fast staining has been used to
visualise mycobacteria inside of amoeba acquired from environmental samples
(Adékambi et al., 2006; Lahiri and Krahenbuhl, 2008; Delafont et al., 2014). The
guestion of when this change from environmental bacteria to pathogen occurred in
the course of the evolution of mycobacteria remains. The ability of numerous
mycobacteria to cause human and animal infection suggests traits allowing
mycobacteria to survive in intracellular environments have been acquired throughout
the evolution of members of the genus, with the MTBC and M. leprae complex
representing unique events of acquired host-to-host transmission ability at the

expense of environmental survival.

The MTBC and M. leprae complex are both groups of slow growing mycobacteria,
indicating adoption of the pathogenic lifestyle must have occurred after the
divergence of rapidly growing and slow growing mycobacteria. Several phylogenetic
trees for the Mycobacterium genus have been assembled based on sequence
similarity of select proteins or rRNA (Kim et al., 2005; Han et all., 2009; Pin et al., 2014).
The relationships drawn between different mycobacterial species vary depending on
the method of analysis, however M. leprae has been identified as being more closely
related to the environmental M. haemophilum than to M. tuberculosis (Tufariello et
al., 2015). This indicates the separation of the common ancestors of the M. leprae
complex and the MTBC occurred before the conversion to a pathogenic lifestyle.
Therefore, two mycobacterial ancestor species made the jump from environmental

organisms to surviving inside and relying on transmission between mammalian hosts.

1.2.3. Evolution of the MTBC

There is some debate over when the divergence of the MTBC occurred, with different
estimates placing the most recent common ancestor of the complex as having existed
70,000 years ago or less than 6,000 years ago (Comas et al., 2013; Bos et al., 2014).
This latter estimate does not match ancient MTBC DNA findings recovered from 9,000-

11,000-year-old human remains from the Eastern Mediterranean region (Hershkovitz
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et al., 2008; Baker et al., 2015). Aside from ancient DNA, evidence for the presence of
human-adapted TB in ancient civilisations exists in the form of human remains with
spinal deformities characteristic of TB infection of the spine known as Pott’s lesions
and written records. One of the oldest known examples of the former is a skeleton
discovered in Italy, with radiocarbon dating placing these remains as being from
somewhere between 4000-3500 BC (Formicola, Milanesi and Scarsini, 1987), while the
oldest known written record comes from India and is thought to be from 1500-1000
BC (Barberis et al., 2017). These ancient skeletal remains indicate the presence of
human-adapted TB around 5,500-6,000 vyears ago, however without
genetic/molecular evidence, it is impossible to draw conclusions about the strain

responsible for the observed lesions.

It was originally theorised that TB was passed from domestic animals to humans, with
M. bovis being the most likely candidate for this infection that later evolved into M.
tuberculosis and M. africanum (Manchester, 1984; Stead et al., 1995). This theory
arose due to the human specificity of M. tuberculosis relative to the broader host
range of M. bovis, with animal-to-human transmission deemed more likely than the
possibility of the frequent human-to-human spread required to sustain M.
tuberculosis in ancient human populations. Genetic analysis has since revealed the M.
bovis genome is smaller than that of M. tuberculosis, making it much more likely M.
bovis evolved from M. tuberculosis (Brosch et al., 2002). Mapping deletions across M.
bovis, M. africanum and M. microti, a rodent-adapted member of the MTBC, genomes
relative to M. tuberculosis reveals these three species likely belong to the same

lineage, with M. africanum being the most similar to M. tuberculosis.

The place of origin of M. tuberculosis, as well as where M. africanum diverged, is
thought to be Africa. Modern M. tuberculosis and M. africanum strains can be divided
across nine distinct lineages (table 1.2). Two of these, L2 and L4, show a global spread,
while others are more region-specific, with five lineages being restricted to specific
areas in Africa, the only continent where all lineages are present (Ngabonziza et al.,
2020; Coscolla et al., 2021; Netikul et al., 2021; Phyu et al., 2022). These lineages also

correspond to differences in disease outlook. For example, L1 has a higher case fatality



rate and is associated with infections in older patients while L2 strains are more likely

to be multidrug-resistant.

Table 1.2: The different lineages of the human specific species of MTBC and their

distribution.
Lineage Species Geographical distribution
L1 M. tuberculosis East Africa, South and
Southeast Asia
L2 M. tuberculosis Africa, Asia and Europe
L3 M. tuberculosis South Asia, North and
East Africa
L4 M. tuberculosis Global
L5 M. africanum West Africa
L6 M. africanum West Africa
L7 M. tuberculosis Horn of Africa
L8 M. tuberculosis African Great Lakes
region
L9 M. africanum East Africa

1.3.1. Granulomas in mycobacterial infections

1.3. PATHOLOGY

Exposure to mycobacteria does not always result in active or latent infections.

Approximately half of those exposed to members of the MTBC test negative for

mycobacterial infection, demonstrating the ability of the immune system to eliminate

mycobacteria (Lerner, Borel and Gutierrez, 2015). In cases where the immune system
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is unable to fully clear the Mycobacterium bacilli, they can be contained within a
granuloma. Granulomas are aggregates of immune cells that form around sites of
infection and are a key aspect of mycobacterial infection, as while they effectively
contain the mycobacterial cells, they also serve as an environment where these cells

can persist and then potentially reemerge from.

The process of granuloma formation is as follows: upon Mycobacterium bacilli gaining
entry into the host, the innate immune system identifies them as foreign and they are
engulfed by macrophages. The usual progression of immune defence would see fusion
of the phagosome containing the bacilli with a lysosome and subsequent destruction
of the invading pathogen. Mycobacteria, however, are able to avert this process
(Armstrong and Hart, 1971), with several mycobacterial cell wall lipids having been
found to effectively block phagosome/lysosome fusion (Goren et al., 1976; Indrigo,
Hunter and Actor, 2003; Hmama et al., 2004). The infected macrophages release
cytokines to recruit to further macrophages and other immune cells to the site of
infection (Ehlers and Schaible, 2012). The result is a granuloma; a structure comprised
of a layer of lymphocytes surrounding a core of healthy and infected macrophages. At
this point the bacilli are effectively contained, and, in TB, this is what constitutes a
latent infection, where the infected individual is asymptomatic and non-infectious.
Inside the granuloma, the bacilli have limited access to oxygen and nutrients, however
mycobacteria are able to alter their metabolic state, allowing them to survive under

these conditions with little to no replication (Rustad et al., 2009).

Over time the cells in the centre of the granuloma may undergo necrosis, with the
resulting debris being referred to as caseum. This type of granuloma is known as a
caseous necrotic granuloma and in these structures the Mycobacterium bacilli will
move into the caseum (Alsayed and Gunosewoyo, 2023). It is also possible for
fibroblasts, collagen-producing cells that can be recruited into granulomas, to form a
fibrous layer around the granuloma, forming a fibrotic granuloma (McCaffrey et al.,
2022). The outer layer of fibrotic granulomas can then be mineralised, forming a fibro-
calcified granuloma, with this form typically being associated with latent infections

(Mattila, et al., 2013).
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Under select circumstances, such as HIV infection or other forms of
immunosuppression, the contained Mycobacterium bacilli can become reactivated.
Once this occurs, the bacilli will multiply inside the granuloma until the structure of
the granuloma fails and they are released, with the potential to then be transmitted
to a new host in the case of host-to-host transmissible infections, i.e. TB and leprosy

(Alsayed and Gunosewoyo, 2023).

1.3.2. Mycolactones in mycobacterial pathology

Mycolactones are a group of compounds comprised of a 12-membered macrolactone
ring, with one side-chain branching from C11 and a second variable polyunsaturated
side-chain branching from C5. They are produced by few mycobacterial species, with
M. ulcerans and M. marinum currently being the only known mycolactone-producing
mycobacteria to infect humans (Hong et al., 2008). Only select strains of M. marinum
produce mycolactones, whereas all known strains of M. ulcerans produce at least one

form of these compounds, with the exact structure depending on the strain.

The ability of select mycobacteria to produce mycolactones is related to the
acquisition of a plasmid (pMUM), likely by a common ancestor which then diverged
into the different species found today (Yip, et al., 2007). The exact role of these
compounds in the survival of M. ulcerans in the environment is unknown, however
they do play a key role in the pathology of Buruli ulcer. Mycolactones are cytotoxic
and analgesic, with these properties being responsible for the key symptom of M.
ulcerans infection: a painless ulcer (Yotsu et al., 2018). These compounds also have
immunosuppressive effects, and this, combined with their cytotoxicity, means that
after an initial period of incubation inside host cells, M. ulcerans is a mainly

extracellular pathogen, which is in contrast to other mycobacteria (Huber et al., 2008).

1.4. CURRENT TREATMENT OPTIONS FOR
MYCOBACTERIAL INFECTIONS

1.4.1. First-line TB treatments

Mycobacteria are intrinsically resistant to many common antibiotics including B-

lactams due to their unique cell wall (Jarlier and Nikaido, 1994). Additionally, finding
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treatments that are able to penetrate granulomas and kill dormant mycobacteria as
well as those that are actively replicating presents another challenge in curing
mycobacterial infections. As TB is the most common mycobacterial disease, a
significant number of drugs developed to treat mycobacteria have first been

investigated for activity against the MTBC.

The current recommended treatment for drug-susceptible TB is a two-month course
of rifampicin, isoniazid, ethambutol and pyrazinamide, followed by a four-month
course of just rifampicin and isoniazid (World Health Organisation, 2023b). Isoniazid
was found to be effective against TB in patients in the early 1950s and has been used
as part of standard TB therapy in the decades since (Selikoff and Robitzek, 1952). Its
mechanism, however, was only determined in the late 1990s, with the use of isoniazid
resistance mutants demonstrating isoniazid forms a radical species following
activation with a mycobacterial catalase peroxidase (Chakraborty and Rhee, 2015).
This radical reacts with NAD* and the resulting product inhibits the InhA enzyme which

is required for biosynthesis of mycolic acids.

Ethambutol was shown to have activity as an anti-TB drug and was first used to treat
patients in the 1960s alongside isoniazid, with it later being incorporated into standard
TB treatment (Ferebee, Doster and Murray, 1966). Despite over sixty years having
passed since its discovery, the mode of action of ethambutol is still not entirely
understood, but is believed to involve inhibition of arabinosyltransferases which are
used by mycobacteria in the formation of their cell walls (Zhang et al., 2020).
Rifampicin was also first used to treat TB in the 1960s, becoming part of the standard
treatment for pulmonary TB in the 1970s alongside isoniazid and ethambutol (British
Thoracic and Tuberculosis Association, 1976; Sensi, 1983). Rifampicin acts via
inhibiting DNA-dependent RNA polymerase and therefore preventing transcription in
mycobacteria (Campbell et al., 2001). Despite being one of the most potent treatment
options against TB, bacteria can develop a high level of resistance against rifampicin
through one-step mutations, thus the need for co-administration with other

antibiotics (Goldstein, 2014).
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Studies showing the activity of pyrazinamide against the MTBC in human patients took
place in the 1950s, however there was a high rate of hepatitis when pyrazinamide was
administered to patients alongside isoniazid (McDermott et al., 1954). This was later
found to be an issue with dosage, and in the 1980s trials in which pyrazinamide was
added to TB treatment regimens featuring isoniazid, rifampicin and ethambutol
demonstrated its inclusion was able to decrease the required treatment time, leading
to the current recommended treatment protocol (Muschenheim et al., 1955; Somner
and Angel, 1981). In mycobacterial cells, pyrazinamide is converted to pyrazinoic acid
via the action of an amidase (Chakraborty and Rhee, 2015). The bactericidal effects of
pyrazinamide are associated with accumulation of this pyrazinoic acid inside cells,

however the exact mechanism behind this observation remains unclear.

Although the rifampicin, isoniazid, ethambutol and pyrazinamide treatment regimen
is effective, as these drugs have been in use for decades, it is perhaps not surprising
that issues have arisen regarding drug resistance. An estimated 410,000 TB cases in
2022 were caused by drug-resistant strains (World Health Organisation, 2023b). Both
isoniazid-resistant and rifampicin-resistant strains occur, with multidrug-resistant TB

being resistant to both rifampicin and isoniazid.

1.4.2. Second-line TB treatments

A push for newer anti-TB drugs resulted in development of the BPalL regimen, which
involves treatment with bedaquiline (BDQ), pretomanid and linezolid over a period of
six to eighteen months depending on the individual case. It is currently employed in
the treatment of drug-resistant, multidrug-resistant and pre-extensively drug-
resistant TB (World Health Organisation, 2023b). Pre-extensively drug-resistant TB is
defined as resistance to rifampicin and any fluoroquinolone, while extensively drug-
resistant TB harbours the same resistances as the above along with resistance to BDQ
or linezolid. Moxifloxacin, a fluoroquinolone, is included in treatment of drug-resistant
cases, with this being known as the BPaLM regimen. Use of these regimens in clinical

trials has resulted in around 90% treatment success rates (Ali et al., 2024).

Linezolid and moxifloxacin were both initially used in the treatment of other bacterial

infections and were later found to also be active against mycobacteria (Guay, 2006;
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Leach et al., 2011). Linezolid prevents protein synthesis through binding to bacterial
ribosomes, while moxifloxacin inhibits DNA gyrase and topoisomerase IV. BDQ and
pretomanid were both developed in the 2000s specifically to treat TB (Stover et al.,
2000; Andries et al., 2005). When BDQ was approved for use by the FDA in 2012, it
was the first new TB treatment to be approved in over 40 years (Jones, 2013). This
alone has made it notable in the history of TB treatment, however it is BDQ's
mechanism of action that has had an especially important impact in the mycobacterial
field. BDQ targets bioenergetics in mycobacteria, a previously neglected target in drug
development that has since been the subject of increasing interest, with this being
detailed in sections 1.5 and 1.6. Pretomanid later gained FDA approval in 2019, and
although its mechanism has yet to be fully studied, it is known to act as a prodrug,
with the active form believed to target an enzyme used in cell wall synthesis (FDA,

2019; Abrahams et al., 2023).

1.4.3. Treatment of leprosy and NTM infections

The current recommended treatment for leprosy is a six-to-twelve-month course of
rifampicin, clofazimine (CFZ) and dapsone, with minocycline, ofloxacin and
clarithromycin being used as second-line treatments (Chen et al., 2022). CFZ was
originally developed as a potential anti-TB agent in the 1950s, however it was shelved
after it was found to deliver inconsistent results in in vivo models (Xu, Koval and
Katanaev, 2023). In the 1960s, CFZ was repurposed towards leprosy treatment,
becoming part of the recommended regimen in 1977. The mechanism of CFZ is
described in detail in section 1.5 as it pertains to bioenergetics. Dapsone is a sulfone
that had been used in leprosy treatment since 1946 and acts by inhibiting folate

biosynthesis (Kar and Gupta, 2015).

M. ulcerans infections are treated using a course of rifampicin and clarithromycin, a
broad spectrum antibiotic that inhibits protein synthesis in bacteria (Peters and
Clissold, 1992; Van Der Werf et al., 2020). Treatment of other NTM infections is
complicated by different mycobacterial species having different drug susceptibility
profiles (Pennington et al., 2021). To date, no antibiotics have been developed

specifically to treat NTM diseases, with anti-TB drugs or other antibiotics being used
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on a case-by-case basis. In some cases, usually where there has been a poor response
to drug therapies, this is combined with surgical excision of infected material (Tseng

et al., 2020; Wang, Jia and Li, 2023).

1.5. MYCOBACTERIAL BIOENERGETICS

1.5.1. Mycobacterial metabolism

The topic of metabolism covers all of the processes used by cells to supply themselves
with the energy and materials required for survival and growth (Mashabela, de Wet
and Warner, 2019). An understanding of metabolism, and regulation of metabolic
processes in response to changing external conditions, is of great importance in the
study of pathogens. By understanding which of these processes are vital for pathogen
survival during infection, metabolism opens up as a potential drug target (Murima,
McKinney and Pethe, 2014). By definition, the subject of mycobacterial metabolism
includes bioenergetic processes, which are the focus of the rest of this report. This
section will focus on mycobacterial central carbon metabolism, as it is these reactions
that ultimately supply electrons to the electron transport chain (ETC) where the final

stage of aerobic respiration occurs (Rhee et al., 2011).

Central carbon metabolism in mycobacteria involves several interlinked pathways
which allow catabolism of multiple carbon sources. In terms of key pathways there
are glycolysis, gluconeogenesis, the pentose phosphate shunt and the TCA cycle
(Cumming and Steyn, 2015). In glycolysis, glucose is converted to pyruvate with net
generation of ATP and NADH, while gluconeogenesis involves the synthesis of glucose
from noncarbohydrates. The pentose phosphate shunt acts as an alternative pathway
to part of glycolysis and generates ribose sugars, which are important for DNA and
RNA synthesis (Stincone et al.,, 2014). The TCA cycle is a series of reactions that
generate reduced coenzymes, which can deliver electrons to the ETC, along with ATP
and carbon dioxide. There is also the glycoxylate shunt, which bypasses part of the

TCA cycle, namely the stages where carbon dioxide is generated (Ahn et al., 2016).

When growing mycobacteria in vitro, carbohydrates such as glucose or succinate are

frequently used as carbon sources, however under infection conditions, mycobacteria
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have limited access to nutrients and will primarily metabolise host lipids (Gago,
Diacovich and Gramajo, 2018). Fatty acids undergo B-oxidation and can either enter
the TCA cycle as acetyl coenzyme A, or through the methyl malonate pathway or
methylcitrate cycle (Rhee et al., 2011). The side chain of cholesterol is also broken
down by B-oxidation, with the products of this also entering the TCA cycle as acetyl
coenzyme A and via the methyl malonate pathway or methylcitrate cycle (Rhee et al.,
2011; Abuhammad, 2017). However the stages involved in the catabolism of the sterol
ring are not yet fully understood (Abuhammad, 2017). Mycobacteria metabolise lipids
while in a non-replicating state during infection, with the glyoxylate shunt being
utilised to reduce loss of carbon as carbon dioxide under these conditions (de Carvalho

et al,, 2010).

M. tuberculosis is able to co-catabolise several carbon sources simultaneously (de
Carvalho et al., 2010). This is unusual as many bacteria exhibit diauxic growth, i.e.
where one carbon source is preferentially metabolised first, followed by a switch to a
second carbon source. It has been theorised this co-catabolism is linked to the
pathogenic nature of M. tuberculosis and it may be advantageous for survival during
infection. Whether mycobacteria that act as opportunistic pathogens share this ability
has not yet been demonstrated, but co-catabolism of carbon sources has been

observed in M. bovis (Davis et al., 2024).

1.5.2. An introduction to bioenergetics

Bioenergetics is the study of the transformation of energy by living organisms. Energy,
either from light or a chemical energy source is converted into chemical potentials
such as ATP/ADP or NADH/NAD* that can be used by cells to power energy-requiring
processes. A significant portion of bioenergetic research as it pertains to respiration
has been focused on mitochondria and, as a result, our understanding of this area in
eukaryotes exceeds that in prokaryotes. Therefore, before discussing bioenergetics in
mycobacteria, it is important to first outline the systems found in mitochondria, as
these have influenced how similar processes are thought to function in bacterial

systems.
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Chemiosmotic theory is a core part of bioenergetics and describes a system where
ions are transported across a membrane, resulting in charge and concentration
gradients (Nicholls and Ferguson, 2002). Movement of ions back down these gradients
is then used to drive endergonic reactions. Oxidative phosphorylation in respiration
relies upon this principle, with a proton, or sodium ion in the case of some bacteria
(Mulkidjanian, Dibrov and Galperin, 2008), gradient across a membrane being coupled
to ATP synthesis. ATP is then hydrolysed elsewhere in the cell to enable energy-

requiring cellular processes to occur.

In mitochondria, a series of membrane proteins, collectively referred to as the ETC,
use energy from the transfer of electrons to pump protons from the mitochondrial
matrix into the intermembrane space (figure 1.2) (Nicholls and Ferguson, 2002). The
ETC consists of four complexes; first is NADH-ubiquinone (UQ) oxidoreductase which
oxidases NADH produced in earlier stages of respiration and reduces UQ, forming
ubiquinol (UQH;). During this process, the enzyme also pumps four protons across the
membrane for every pair of electrons transferred. Succinate dehydrogenase (SDH),
complex Il in the mitochondrial ETC, acts as part of the TCA cycle converting succinate

to fumarate and also reducing UQ but without proton-pumping.

UQH: is oxidised back to UQ by complex Ill, UQH,-cytochrome c oxidoreductase, which
transfers electrons from UQH; to cytochrome ¢, a protein located on the inter-
membrane space side of the inner membrane. These electrons are finally transferred
to complex IV, cytochrome c oxidase, where oxygen is used as a terminal electron
acceptor and combines with protons to form water. Both complex Ill and complex IV
translocate protons as this electron transfer occurs, further contributing to the build-
up of a proton gradient across membrane. This gradient can be spilt into two
components, an electrochemical gradient (AW) and a pH gradient, (ApH), with the
combination of the two being referred to as the proton motive force (PMF). The PMF
drives protons back across the membrane through the enzyme ATP synthase, which
utilises the energy from this proton movement to drive the synthesis of ATP from ADP
and inorganic phosphate (Pi). ATP synthase is also sometimes dubbed complex V,

although as it is not involved in electron transfer, it is not part of the ETC.
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Figure 1.2: The oxidative phosphorylation system in mitochondria, located at the inner

membrane.

1.5.3. Oxidative phosphorylation in mycobacteria

The oxidative phosphorylation system in mycobacteria is located at the cell membrane
and has several key differences compared to the mitochondrial system. Firstly,
mycobacteria utilise menaquinone (MK) in place of UQ, with the significance of this
from a bioenergetics perspective being that MK has a more negative midpoint
potential than UQ and is therefore less readily reduced (Kishi et al., 2017).
Mitochondrial ATP synthase, as well as a number of bacterial ATP synthases, will run
in reverse, catalysing ATP hydrolysis and transporting protons into the inter-
membrane space or periplasm. ATP synthase in mycobacteria does not display this

same hydrolysis activity (Haagsma et al., 2010).

The composition of the ETC is also different in mitochondria versus mycobacteria
(figure 1.3), with there being some variation between species, as summarised in figure
1.4. Type | NADH:MK oxidoreductase (NDH-1), encoded by the nuo operon, acts as an
equivalent to complex | in mycobacteria, oxidising NADH while reducing MK to
menagquinol (MKH;) and pumping protons into the periplasm (Weinstein et al., 2005).
Mycobacteria also harbour a type Il NADH:MK oxidoreductase (NDH-2), with M.
tuberculosis containing two versions of the NDH-2 gene, ndh and ndhA. NDH-2 fulfils
the same function as NDH-1 but without the accompanying proton movement, making
it less energy efficient. In spite of this, NDH-2 is responsible for a majority of NDH

activity in mycobacteria, with NDH-1 activity being 95% lower than NDH-2 activity in



M. smegmatis and 75% lower in M. bovis BCG (Vilchéze et al., 2005). Additionally, the
genes coding NDH-1 are not essential for growth in M. tuberculosis (Sassetti, Boyd and
Rubin, 2003) and are lacking altogether in members of the M. leprae complex. One
theory as to why NDH-2 activity is so much greater than that of NDH-1 is that, as NDH-
1 is a proton pumping complex, a high PMF could limit its activity and therefore

electron flux through the ETC, which is not the case for NDH-2 (Cook et al., 2014).

Mycobacteria possess two versions of SDH (SDH1 and SDH2), with the M. tuberculosis
ETC also containing a fumarate reductase (FRD), encoded by frdABCD, which catalyses
the reverse reaction to SDH (Cook et al., 2014). SDH1 is anchored to the membrane
by a single hydrophobic subunit whereas SDH2 has two anchoring subunits (Gong et
al., 2020; Zhou et al., 2021). SDH2 has been observed to be essential in M. smegmatis
when grown on solid LB medium under aerobic conditions, with a knockout of the
SDH2 operon proving lethal (Pecsi et al., 2014). In comparison, a knockout of SDH1
displayed similar growth to the WT, indicating increased SDH2 activity is able to

compensate for a lack of SDH1 but not vice versa.
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Figure 1.3: Composition of the oxidative phosphorylation system in M. smegmatis, a
model organism frequently used to study mycobacterial systems. Most mycobacteria

possess a similar ETC, with differences being highlighted in figure 1.4.

MK-cytochrome ¢ oxidoreductase bcc (encoded by qcrCAB) is the mycobacterial
equivalent of complex lll and contains a cytochrome cc domain from which electrons
are transferred to cytochrome c oxidase aas (encoded by ctaBCDE) (Wiseman et al.,

2018). These two enzymes, along with a superoxide dismutase (SOD), form a structure
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termed the bcc:aasz supercomplex. The supercomplex exists as a dimer, with two aas
subunits positioned on either side of a pair of adjacent bcc subunits and two SOD

subunits on the periplasm side of the complex.

As with complex Il and complex IV in mitochondria, the supercomplex translocates
protons across the membrane, with a total of six protons being moved per pair of
electrons passed through the complex (Cook et al., 2014). SOD is able to convert
superoxide into hydrogen peroxide and molecular oxygen, and is therefore able to
prevent damage from superoxide produced either by mycobacteria themselves during
respiration or as part of a host immune response (Lundgren et al., 2018). It has been
theorised that as a part of the supercomplex, SOD may funnel electrons to the
cytochrome cc domain in the bcc subunit instead of forming hydrogen peroxide

(Wiseman et al., 2018).

Unlike mitochondria, almost all mycobacteria possess a second terminal oxidase:
cytochrome bd oxidase (encoded by cydAB). In contrast to the supercomplex,
cytochrome bd oxidase is non-proton pumping and therefore only contributes to PMF
generation via transmembrane charge separation (Jasaitis et al., 2000). Under aerobic
conditions, the supercomplex acts as the dominant pathway for electrons and
cytochrome bd oxidase is not essential for growth (Matsoso et al., 2005; Lu et al.,
2019). Cytochrome bd oxidase does however play an important role in enabling
mycobacteria to survive hypoxic conditions, like those found in granulomas, and other
stressors including antibiotic treatment due to the enzyme’s high oxygen affinity (Kana

et al., 2001; Boot et al., 2017).
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Figure 1.4: The composition of the ETC across several species of mycobacteria, with
shaded boxes representing the enzymes present in a species, while unshaded boxes
are absent (Kanehisa, 2019; Kanehisa and Goto, 2000; Kanehisa et al., 2023; Kanehisa
Laboratories, 2024). This list of mycobacteria includes the model non-pathogenic

organism M. smegmatis and several important human pathogens.

1.5.4. Drugs targeting oxidative phosphorylation in mycobacteria

The differences between the oxidative phosphorylation systems in mitochondria and
mycobacteria can be exploited as potential drug targets. Already, BDQ and CFZ have
been approved for treatment of TB and leprosy respectively. CFZ appears to act via a
redox cycling mechanism, competing with MK for reduction by NDH-2 and then
undergoing non-enzymatic oxidation by oxygen, releasing reactive oxygen species in
the process (Yano et al., 2011). NDH-2 is an attractive target due to the lack of an
equivalent enzyme in mitochondria and has been the subject of some focus (Dunn et
al., 2014; Murugesan et al., 2018; Dam et al., 2022). Several potential NDH-2 inhibitors

or redox cycling compounds like CFZ have been synthesised and displayed activity
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against M. tuberculosis, but have yet to be taken further in terms of clinical
development (Warman et al., 2013; Dunn et al., 2014; Murugesan et al., 2018; Dam et
al., 2022).

Another anti-mycobacterial drug targeting the oxidative phosphorylation system is
Q203 or telacebec. Q203 is currently in the phase Il clinical trial stage for treatment of
Buruli ulcer, with a phase lla trial for treatment of TB having already been completed
(TB Alliance, 2024; de Jager et al., 2020). The drug acts via inhibiting MK-cytochrome
c oxidoreductase bcc and therefore preventing electron transfer through the
supercomplex (Pethe et al., 2013). As most mycobacteria possess a second terminal
oxidase, Q203 is only bacteriostatic against the likes of M. tuberculosis, making co-
administration with a cytochrome bd oxidase inhibitor highly desirable. A potential bd
oxidase inhibitor, ND-011992, has been identified and shown to be bactericidal
against M. tuberculosis and M. bovis BCG in combination with Q203, but has yet to be
developed further (Lee et al., 2021).

1.6. BEDAQUILINE (BDQ)

1.6.1. Discovery of BDQ and current uses

Development of BDQ as an anti-TB drug began with a screening of drug prototypes for
growth inhibition activity against the model organism M. smegmatis (Andries et al.,
2005). The lead compound was optimised to generate a set of diarylquinolines
(DARQs) and their activity against M. tuberculosis H37Rv was evaluated (Van Gestel et
al., 2004). BDQ was identified as the compound with the greatest activity, having an
MIC of 0.030 pg/mL (Andries et al., 2005).

A series of further experiments found that BDQ has similarly low MICs (0.030-0.120
ug/mL) for several M. tuberculosis clinical isolates resistant to current anti-TB drugs,
including rifampicin and, most notably from a mechanistic standpoint, moxifloxacin
(Andries et al., 2005). Moxifloxacin is a quinoline, and the fact cross-resistance was
not observed with BDQ, along with BDQ displaying no activity against purified DNA

gyrase, demonstrates DARQs have a different target to quinolines. BDQ's activity is
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specific to mycobacteria, with the drug having much higher MICs (24 pg/mL) in

bacterial species belonging to different families (Andries et al., 2005).

Identification of BDQ’s actual target was achieved through in vitro isolation and
genomic sequencing of BDQ-resistant mycobacteria (Andries et al., 2005). In both
BDQ-resistant M. tuberculosis and M. smegmatis, the only commonly mutated gene
was atpE, which codes for the c-subunit of FoF1-ATP synthase. This provided early
evidence that BDQ binds to ATP synthase, as well as explaining the selectivity of BDQ
for mycobacteria, given the structural differences in ATP synthases from bacteria of

other genera.

Since BDQ's discovery, it has undergone clinical trials for the treatment of TB and been
approved for use by the FDA (Jones, 2013). BDQ has seen much success as part of the
BPaL and BPalLM regimens, and has also been used in the treatment of infections
caused by NTM (Ali et al., 2024; Omar et al., 2024). Prior to clinical trials with BDQ
being initiated, its activity against members of the MAC, M. abscessus, M. ulcerans,
M. kansasii, M. marinum and M. fortuitum was evaluated (Andries et al., 2005). BDQ
displayed potent activity against all mycobacterial species tested, with MIC values
between 0.003-0.010 pg/mL for all strains tested, save for M. abscessus and M.
ulcerans where BDQ MIC values were between 0.25-0.5 pg/mL. It has since been
shown that while BDQ can inhibit growth in M. avium, considerably higher
concentrations are required for bactericidal activity compared with M. tuberculosis
(Lounis et al., 2009). Despite this, in one case study, treatment of a disseminated M.
avium infection with BDQ in combination with other antibiotics resulted in culture

conversion (Gil et al., 2021).

BDQ has been used to treat pulmonary infections caused by members of the MAC and
M. abscessus, with six out of ten patients showing a microbiologic response following
six months of treatment (Philley et al., 2015). Additionally, BDQ-containing treatment
regimens have been able to cure extrapulmonary M. abscessus and M. fortuitum

infections (Omar et al., 2024).
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1.6.2. BDQ’s binding site

BDQ possesses two chiral centres and its enantiomer displays a much lower potency,
which is indicative of specific binding occurring between BDQ and ATP synthase (figure
1.5) (Andries et al., 2005). Identification of two specific point mutations in the c-ring,
Asp32 - Val (D32V) and Ala63 - Pro (A63P), in BDQ resistant M. smegmatis and M.
tuberculosis strains provided the first evidence for the location of the drug’s binding
site. From the time of these experiments, however, it would be another fifteen years
before the structure of BDQ bound to a complete mycobacterial ATP synthase enzyme

was solved.

Initial modelling of the interaction between the Fo-region of FoF1-ATP synthase and
BDQ was conducted using a homology model based on ATP synthase from Escherichia
coli (E. coli) with 37% of the amino acids replaced to match the common sequence in
M. tuberculosis strains (Jonge et al., 2007). Following optimisation of this structure, it
was hypothesised that BDQ's binding site was located between the a- and c-subunits,
i.e. close in proximity to the two commonly mutated residues in BDQ-resistant strains.
Docking simulations showed BDQ mimicking an arginine residue on the a-subunit
(Arg186) and interacting with Glu61, effectively blocking a space required for rotation

of the c-ring and thereby preventing proton transfer.

A later series of biochemical assays demonstrated that BDQ’s activity is independent
of the PMF, suggesting it does not compete with protons for its binding site (Haagsma
et al., 2011). Dose-dependent inhibition of ATP synthesis by BDQ was fitted to a one-
site binding hyperbola with R?2>0.99, indicating BDQ's mechanism involves single-site

binding, which is consistent with the hypothesis based on the E. coli homology model.
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Figure 1.5: Structures of (A) BDQ with its two chiral centres labelled and (B) M.
tuberculosis ATP synthase, obtained using cryo-electron microscopy (Zhang et al.,

2024).

A second homology model based on the crystal structure of the c-ring of Spirulina
platensis (S. platensis) ATP synthase, a structure that shares 30% of its sequence with
the M. tuberculosis c-ring, was produced by Segala et al. (Segala et al., 2012). BDQ
docking simulations with this model, along with observations that no mutations in the
ATP synthase a-subunit had been linked to BDQ-resistance (Huitric et al., 2010), led
the group to propose that BDQ does not bind at a site between the a- and c-subunits,

but rather in a pocket formed by adjacent c-subunits.

Biukovic et al. (2013), however, theorised that BDQ may be binding to the e-subunit,
the N-terminal domain of which interacts with the c-ring (Biukovic et al., 2013). HSQC
NMR spectra of the isolated e-subunit do show peak distortions indicative of binding
during titration experiments with BDQ at a 1:2 molar ratio and this is also supported
by results from intrinsic tryptophan fluorescence spectroscopy. From this, a model in
which two molecules of BDQ interact with the €- and c-subunits of ATP synthase was
generated by modifying an E. coli structure. The idea of BDQ having a second binding
site runs counter to the results from the dose dependent inhibition experiment and is

further undermined by the lack of association between mutations in the e-subunit and
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BDQ-resistance (Andries et al., 2005; Haagsma et al., 2011). Therefore, it may be BDQ
can form interactions with the e-subunit but evidence suggests these are not key to

its activity.

The first non-homology based model showing BDQ bound to part of a mycobacterial
ATP synthase was produced using x-ray crystallography to solve the structure of the
c-ring from Mycobacterium phlei (M. phlei) the sequence of which has over 80%
similarity with the M. tuberculosis c-ring (Preiss et al., 2015). Co-crystallisation of the
protein with BDQ yielded a structure where the drug is shown to bind identically to all
nine c-subunits in the ring, interacting with nine residues (Gly62, Leu63, Glu65, Ala66,
Ala67, Tyr68, Phe69, lle70 and Leu72), several of which match those highlighted in the
S. platensis homology model (Leu59, Glu61, Ala63, Tyr64 and lle66) (Segala et al.,
2012). These residues are located in and around the ion-binding site situated between

adjacent c-subunits and are generally conserved across mycobacterial species.

Comparison of this structure with the isolated c-ring revealed a change in
conformation of Phe69 occurs upon BDQ binding to avoid a steric clash (Preiss et al.,
2015). The hydroxyl and dimethylamino groups of the drug form hydrogen bonds with
the carboxylate groups of Glu65, forming a structure that resembles a transition state
involved in ion translocation. Preiss et al. (2015) propose that binding of a single BDQ
molecule locks the c-ring in this state, therefore preventing rotation and ATP

generation.

The complete structure of ATP synthase from M. smegmatis was solved using cryo-
electron microscopy on the enzyme both with and without BDQ (Guo et al., 2021). No
binding of BDQ to the e-subunit can be seen, further invalidating this subunit as being
involved in the drug’s mechanism. Each c-subunit can be observed to bind one
molecule of BDQ, excluding the two c-subunits blocked by the a-subunit. Five BDQ
molecules occupy the binding site seen in the M. phlei structure but two are bound in
novel sites involving the a-subunit, which provides a deeper pocket for BDQ to bind

in.

One of these sites, dubbed the leading site, is located on the c-subunit that would

have just been in contact with the a-subunit and bound a proton from the periplasmic
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space following normal rotation of the c-ring (Guo et al., 2021). Binding of BDQ in this
location involves the same residues as the other site along with Phe213, Pro214,
Val217, Trp218 and Phe221 on the a-subunit, with the side chain of Phe221 moving to
prevent a clash with the drug. Guo et al. (2021) suggest that the leading site may be
the most crucial to BDQ's activity as it presents the deepest binding cavity. The second
novel site, the lagging site, involves the c-subunit that will next interact with the a-
subunit and release a proton into the cytoplasm. In addition to the c-subunit only site

residues, this site is formed from Leu70, Pro172, lle173, and Val176 on the a-subunit.

Density maps obtained from experiments in which isolated mycobacterial ATP
synthase was treated with BDQ and then washed show BDQ remains in the leading
and lagging sites while the c-subunit only sides have reduced occupancy (Guo et al.,
2021). This indicates that interaction with the a-subunit enhances the binding of BDQ,
and lends further credence to the leading-site being the most important from an
activity standpoint. The lack of a-subunit mutations associated with BDQ resistance,
however, suggests binding in the c-subunit only sites is still sufficient for BDQ to

display bactericidal effects.

These cryo-electron microscopy structures also provide evidence that the hook-like
projections (a-extensions) attached to each of the three a-subunits are responsible
for the lack of ATP hydrolysis activity observed with mycobacterial ATP synthases. A
single one of these a-extensions is in contact with the y-subunit in any given rotational
state and Guo et al. (2021) propose that the interaction between the two prevents
rotation of the y-subunit in the reverse direction. Lending further proof to this theory,
an enzyme modified such that the a-extensions were truncated showed ATP

hydrolysis activity.

A structure for BDQ bound to M. tuberculosis ATP synthase was acquired more
recently using cryo-electron microscopy (figure 1.6) (Zhang et al., 2024). BDQ was
found to occupy similar sites as with ATP synthase from M. smegmatis, although Ala24
on the c-subunits was newly identified as making up part of the BDQ binding site, while

Gly58 was not. Additionally, in the M. tuberculosis structure there is loss of m-m
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interactions between BDQ and Phe213 on the a-subunit in the leading site, as in M.

tuberculosis the phenylalanine residue is replaced by alanine.

B lagging site

LEU 59

E 171

168

a-subunit

D c-only site

/\LEU‘59/ a-subunit

Figure 1.6: Structure of (A) BDQ bound to the a- and c-subunits of ATP synthase from
M. tuberculosis with the lagging, leading and c-only binding sites highlighted along
with the (B) lagging, (C) leading and (D) c-only site binding pockets with the key
residues labelled. The structures were acquired using cryo-electron microscopy (Zhang

et al., 2024).

1.6.3. The mode of action of BDQ

The importance of ATP synthase in BDQ's mechanism along with the drug’s ability to
bind to it are by now well-established, but the effects of this binding are still much
debated. The most long-standing and overall favoured theory is that initially put

forward by Andries et al. (2005), that BDQ acts as a direct inhibitor of ATP synthase,



blocking the proton channel and preventing ATP synthesis. This hypothesis is
supported by findings that treatment of aerobic and non-replicating M. tuberculosis
with BDQ results in an appreciable drop in ATP levels within 24 hours (Lamprecht et
al., 2016; Koul et al., 2008).

In this mechanism, the bactericidal effects of BDQ may be due to bacteria being unable
to sustain enough ATP production for growth and/or due to disruption of the
NADH/NAD* ratio (Tran and Cook, 2005). BDQ has a time-dependent killing effect,
with significant rates of cell death in M. tuberculosis cultures only being observed post
day-four following treatment with sufficient concentrations of BDQ (Koul et al., 2014).
This observation supports BDQ's bactericidal effects being related to insufficient
production of ATP. ATP levels in mycobacteria drop five-fold when these bacteria
enter a non-replicating state, and it has been demonstrated M. tuberculosis cells can
survive up to a ten-fold decrease in ATP (Gengenbacher et al., 2010; Koul et al., 2008).
It follows that mycobacteria are able to survive treatment with BDQ in an ATP-
depleted state for the first few days post exposure, generating small amounts of ATP
through substrate-level phosphorylation, before ATP levels drop below those needed

to maintain cell viability.

A study in which the oxygen consumption rate (OCR) of M. smegmatis cells following
treatment with BDQ was monitored using a Clark electrode showed an immediate
increase in OCR occurs upon addition of the drug (Hards et al., 2015). This finding was
later replicated in M. tuberculosis using a Seahorse XF Analyser, although the rate of
OCR increase was slower (Lamprecht et al., 2016). These observations run counter to
expectations of BDQ acting as a direct ATP synthase inhibitor, as prevention of protons
moving through the enzyme should result in a build-up of protons on one side of the
membrane. This increases the PMF which in turn places backpressure on the system,
reducing the rate at which electrons flow down the chain and thus also reducing the

OCR (Ripple, Kim and Springett, 2013).

The OCR increase observed with BDQ led to the hypothesis it may be acting as an
uncoupler (Hards et al., 2015). Classical uncouplers or protonophores are able to

transport protons across a membrane, allowing them to move down ApH/AW without
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passing through ATP synthase. In response to dissipation of the PMF, cells increase
the rate of electron flow down the chain, and therefore their OCR, in an effort to
compensate. The result is a system where are protons are cycled across the
membrane without this movement contributing to ATP generation, i.e. the system is
uncoupled. As BDQ activity is dependent on the drug being able to bind to ATP
synthase, it was proposed BDQ acts via disrupting the interactions between the a- and
c- subunits in FoF1-ATP synthase and thus allows uncoupled proton movement across

the membrane (Hards et al., 2015).

In support of this theory, high doses of BDQ (300x MIC) have been shown to reduce
ApH in M. tuberculosis inverted membrane vesicles (IMVs), although no
corresponding drop in AW is observed (Lamprecht et al., 2016). Additionally, BDQ does
not increase the proton conductance of the membrane, unlike the known
protonophore CCCP. Lamprecht et al. (2016) propose that these observations are due
to BDQ acting as a direct ATP synthase inhibitor, with the increase in OCR being a
result of mycobacteria having some mechanism by which they are able to limit the

effects of backpressure.

An alternative hypothesis to explain these findings is that, rather than acting similarly
to a protonophore, the disturbance of the a- and c-subunit interface by BDQ results in
protons being allowed to move into the cytoplasm, while another cation, most likely
potassium, moves into the periplasm (Hards et al., 2015; Hards et al., 2018). This
would dissipate ApH, thus leading to an increase in OCR, but not AW. BDQ has been
observed to acidify the inside of liposomes if a potassium ion gradient exists in the
opposite direction (Hards et al., 2018), although this does not fit with ATP synthase

binding being required for BDQ to display bacteriostatic/bactericidal effects.

BDQ shows bacteriostatic effects at nanomolar concentrations in M. tuberculosis and
is bactericidal at micromolar concentrations (Koul et al., 2014). This has led to the
proposal that BDQ acts predominantly as a direct ATP synthase inhibitor at low
concentrations, with its uncoupling activity becoming more relevant as the
concentration increases (Hards et al.,, 2018; Guo et al., 2021). In this theory, the

downstream effects of disruption to the PMF eventually lead to bacterial cell death,
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thus why BDQ is only bactericidal at micromolar concentrations. Another observation
that lends credence to this theory is that the ATP hydrolysis activity of purified
mycobacterial ATP synthase with truncated a-subunits is inhibited with nanomolar
concentrations of BDQ (Courbon et al.,, 2023). When the concentration of BDQ is
increased to micromolar amounts, this hydrolysis activity is restored, however this

effect is restricted to isolated protein and could not be replicated in IMVs.

At present, BDQ’'s mode of action, as in whether it acts predominantly as a direct
inhibitor of ATP synthase or disrupts the PMF through uncoupled proton movement,
is still being debated. There is also the question of how this activity eventually leads
to the death of mycobacterial cells. This is a subject of debate for antibiotics in general,
with there being some evidence for a unified mechanism wherein antibiotic killing is
a result of downstream oxidative damage (Kohanski, Dwyer and Collins, 2010). A
recent study on M. smegmatis demonstrates cell death following antibiotic exposure
correlates with high ATP levels rather than production of reactive oxygen species,
implicating this as being part of a common mechanism for mycobacterial killing by
antibiotics (Lodhiya et al., 2024). It is unlikely, however, that BDQ also kills via this
method, as all the proposed modes of action prevent rapid production of ATP. If killing
of mycobacteria by other antibiotics is reliant on a burst of ATP, this has serious
implications for the use of BDQ in combination therapies. In order to inform future
work on effective combination therapies and guide the development of second-
generation compounds, it is important both BDQ’s mode of action and how this results

in cell death are understood.

1.6.4. Consequences for the cell

Examination of the M. tuberculosis transcriptome following BDQ treatment reveals
upregulation of the ATP synthase operon and the mycobacterial dormancy regulon for
at least 3 hours following BDQ addition (Koul et al., 2014). The dormancy regulon
contains 48 genes involved in the adaption of mycobacteria from an aerobic to a
hypoxic environment and vice versa, allowing cells to maintain their NAD*/NADH
ratios and sustain low levels of ATP while in a nonreplicating state (Leistikow et al.,

2010). These effects likely help to mitigate the impact of ATP synthase inhibition by
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BDQ (whether via preventing movement through the proton channel or an uncoupling
mechanism). Following 6 hours of exposure to BDQ, there is some upregulation of
isocitrate lyase, an enzyme involved in the glyoxylate cycle, and cytochrome bd
oxidase, both of which are associated with bacterial survival under stress conditions

(Koul et al., 2014; Schnappinger et al., 2003; Boot et al., 2017).

Metabolic downstream effects of BDQ on mycobacteria include an increased reliance
on substrate-level phosphorylation through glycolysis to maintain ATP levels, a
reduction in the rate of gluconeogenesis and activation of the glyoxylate shunt and
methylcitrate cycle (Mackenzie et al., 2020). The extent of these effects varies
depending on the available carbon source. Following BDQ treatment there is a
correlation between changes in cellular ATP levels and a number of metabolites
involved in ADP/ATP dependent pathways, with the correlation between ATP and
glutamine being the strongest (Wang et al., 2019). Co-administration of BDQ and a
glutamine synthase inhibitor results in an increase in BDQ's potency against M.
tuberculosis along with a shortened killing time. These findings highlight glycolysis and
glutamine synthesis as potential targets in the development of future antibiotics that

will synergise with BDQ.

1.6.5. Compatibility of BDQ with other antibiotics

The BPalL regimen has a high rate of success, indicating the killing effects of
pretomanid and linezolid are not compromised by inhibition of ATP synthesis or
potential disruption to the PMF (Ali et al., 2024). However, in pairwise studies,
linezolid and pretomanid do not appear to be synergistic with BDQ (Cokol et al., 2017).
The efficacy of these combinations was studied in mouse models of TB, and
pretomanid and BDQ together were shown to be less effective than BDQ alone during
the first month of treatment (Tasneen et al., 2016). When pretomanid and BDQ are
coadministered with linezolid, the combination of the three shows a much greater
efficacy at two-months compared to any two of the antibiotics being used without the
third (Tasneen et al., 2016). This demonstrates there is some synergy when the three
are administered together, although there is the potential for combination therapies

with BDQ to be further optimised.
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BDQ displays antagonism with rifampicin, likely due protein synthesis being
downregulated in response to BDQ binding to ATP synthase (Cokol et al., 2017).
Additionally, co-administration of the two results in more rapid clearance of BDQ from
the body in humans due to rifampicin inducing the CYP3A4 enzyme in the liver,
meaning the two cannot be used together effectively (Svensson et al., 2015). Despite
the success of the BPaLM regimen, BDQ and moxifloxacin also show antagonism in a

pairwise study looking at their activity against M. tuberculosis (Cokol et al., 2017).

BDQ is synergistic with CFZ against M. tuberculosis and members of the M. abscessus
complex (Cokol et al., 2017; Ruth et al., 2019). Both BDQ and CFZ resistance can arise
through upregulation of the MmpL5 efflux pump, meaning there is greater chance of
cross-resistance (Hartkoorn, Uplekar and Cole, 2014). BDQ also displays synergy with
pyrazinamide, with TB-infected mice displaying 100% culture conversion following
two months of treatment with both drugs, which BDQ or pyrazinamide alone were
unable to achieve (lbrahim et al., 2006). As questions remain around pyrazinamide

and BDQs’ modes of action, the reasoning behind this synergy is currently unclear.

While there are several established anti-mycobacterial drugs that can be used
effectively with BDQ detailed here, a better understanding of the effects of BDQ
binding to ATP synthase would enable more strategic formulation of combination
therapies. Additionally, it may highlight possible future targets in mycobacteria that

may be exploited through use of BDQ.

1.7. MYCOBACTERIAL BIOENERGETIC METHODOLOGY

1.7.1. Techniques for studying bioenergetics

There are several ways one may gain insight into the bioenergetic processes that occur
inside cells and the responses to changes in internal or external conditions. There are
three main methods that have thus far been applied to mycobacteria, with these being

metabolomics, oximetry and working with model/simplified systems such as IMVs.

Metabolomics refers to the quantitative analysis of metabolites in a biological system.
The usual workflow involves growth of cells, sometimes with labelling of substrates,

followed by lysis, sample processing, separation and detection. Separation is often



achieved through liquid or gas chromatography, while mass spectrometry and NMR
act as the most common detection techniques (Lenz and Wilson, 2007). The power of
metabolomics comes from the ability to profile compounds from, and therefore study,
a vast number of cellular processes, meaning of the three methods listed above, it is
able to provide the most detailed information (Johnson, Ivanisevic and Siuzdak et al.,
2016). In the case of bioenergetics, the lysis requirement for this style of analysis
presents an issue in that, with the fast time scale on which these processes occur, it is
possible there may be some disruption to metabolite concentrations during cell
breakage procedure. Additionally, it is not possible to monitor real-time changes in
cells as they occur, with different batches of cells being used to examine the effects of

different conditions.

In comparison, oximetry, i.e. OCR measurements, can provide real-time information
on changes in metabolic flux but does not provide significant insight into the exact
processes occurring, as demonstrated with alternate explanations being presented for
the OCR increase observed with BDQ (Hards et al., 2015; Lamprecht et al., 2016).
These measurements can be made with a Clark electrode, which only provides
information on oxygen consumption is discussed further in section 3.1.2, or a
Seahorse XF Analyser. The latter uses solid-state sensors containing oxygen and
proton sensitive fluorophores to measure the concentrations of these compounds
(Ferrick, Neilson and Beeson, 2008; Chacko et al., 2013). Over the course of an
experiment, the sensor is lowered for a set period to create a microchamber and the
changes in oxygen and proton concentration are measured and used to calculate rates

for OCR and proton efflux.

Use of IMVs allows specific probing of the oxidative phosphorylation system. The ETC
must be energised by addition of an electron donor, namely NADH or succinate, and
the proton-pumping activity can be monitored through quenching of pH sensitive
fluorophores contained inside the vesicle (Harden et al., 2024). Alternatively, ATP
concentrations can be monitored via luciferase assay or quench and measure
procedures. The disadvantages of this method include finding preparation methods
to ensure a high level of inverted versus non-inverted vesicles and, due to the need

for external electron donors, it is not suited for experiments exploring long-term



effects (Futai, 1974; Hards et al., 2018). Data obtained using IMVs also contains no
information about the potential downstream effects of factors that impact the

oxidative phosphorylation system.

Use of the above techniques in combination can allow for a detailed picture of the
bioenergetic processes in cells, however there are still gaps in current knowledge, as
the controversy over BDQ’s mode of action shows. The focus of this thesis, therefore,
is to develop methods that can add to our present understanding of mycobacteria and
be applied to the study of BDQ. The use of live cell techniques, namely visible
wavelength remission spectroscopy and 3P NMR is explored. These have the benefit
of allowing real-time analysis like oximetry, but can provide further information on
cellular processes without the caveats that come with using a simplified system like

IMVs.

1.7.2. Use of model organisms

Virulent strains of M. tuberculosis are classed as BSL-3 organisms, meaning specialist
equipment and training are required in order to work with these strains (Asai et al.,
2020). This, along with M. tuberculosis being a slow-growing organism and difficult to
culture, can act as barrier to research. Therefore, model organisms are frequently
used in place of virulent M. tuberculosis to circumvent one or multiple of these

potential issues (Sparks et al., 2023).

The ideal model organism is one that closely matches the pathogen one wishes to
study, while being more accessible. M. smegmatis is a rapidly growing Mycobacterium
species, with a doubling time of 3-4 hours, and is classed as BSL-1 organism (Klann et
al., 1998; Sparks et al., 2023). These properties mean M. smegmatis is considerably
easier to work with than virulent mycobacteria, although there has been some debate
over its suitability as a model organism (Reyrat and Kahn, 2001). The genome of M.
smegmatis is over 1.5x greater than that of M. tuberculosis, demonstrating that there
are clear genetic differences between the two species. However, almost two thirds of
the protein-coding genes in M. tuberculosis are orthologous with M. smegmatis genes,
with around 1150 of these sharing greater than 50% amino acid identity with each

other as well as with other pathogenic mycobacteria including M. abscessus, M. avium



and M. leprae (Sparks et al., 2023). Of the 41 M. tuberculosis virulence factors
discussed in an extensive review by Smith (2003), 17 of these have orthologs in M.
smegmatis, with these including genes involved in amino acid and purine biosynthesis
(leuD, trpD, proC and purC), regulation of transcription (phoP, prrA, mprA and hspR)
and the oxidative stress response (katG, ahpC and sodC) (Kanehisa, 2019; Kanehisa
and Goto, 2000; Kanehisa et al., 2023; Kanehisa Laboratories, 2024).

The use of M. smegmatis as a model organism was somewhat validated through the
development of BDQ, as it was via screening with M. smegmatis that DARQs were
identified as potential anti-TB compounds (Andries et al., 2005). M. smegmatis has
also been employed in the study of mycobacterial genetics, the mycobacterial cell
envelope and the modes of action of anti-TB drugs, including isoniazid and ethambutol
(Sparks et al.,, 2023). Due to the non-pathogenic nature of M. smegmatis, it is

unsuitable for macrophage infection studies.

Alternatives to M. smegmatis include BSL-2 compatible strains of M. tuberculosis and
M. bovis, with M. bovis BCG and M. tuberculosis H37Ra being two commonly used
strains (Zheng et al., 2008; Liang et al., 2022). While these strains are genetically more
similar to M. tuberculosis, they share the caveats of being slow-growing and difficult
to culture, as well as requiring a BSL-2 laboratory space. Therefore, in situations where
BSL-2/BSL-3 facilities are unavailable or a fast supply of culture is required, although
not a perfect reflection of the systems founds in M. tuberculosis, M. smegmatis is the

most suitable model organism.



1.8. THESIS AIMS AND OBIJECTIVES

Aims: To develop and apply 3'P NMR and visible-wavelength remission
spectroscopy to understand mycobacterial bioenergetics as it powers a living
cell. Use these methods to understand the action of the important antibiotic

BDQ in M. smegmatis and M. tuberculosis.

Objectives:

1) Develop appropriate microbiological techniques in order to secure a ready supply
of M. smegmatis and M. tuberculosis, grown in set and understood conditions, for

later experiments.

2) Establish visible-wavelength remission spectroscopy as a technique to measure the

electron-occupancy of cytochromes within living mycobacteria.

3) Perform initial experiments using visible-wavelength remission spectroscopy
alongside OCR measurements to examine the effects of classical bioenergetic
inhibitors and uncouplers. Interpret these results to understand how the
mycobacterial bioenergetic system responds compared to mitochondria and establish
a library of compounds that are effective for studying the impact of other compounds

on the oxidative phosphorylation system.

4) Resolve the mechanism of BDQ in living mycobacteria. Find that BDQ acts as a direct
inhibitor of ATP synthase, with its activity resembling that of the known ATP synthase
inhibitor DCCD. The idiosyncratic increase in OCR stems from an increase in the activity

of cytochrome bd oxidase on BDQ addition rather than from uncoupling activity.

5) Explore the potential and pitfalls of 3P NMR to measure phosphorylated
metabolites in living cells. Construct a system that can be used to mix and supply
cultures with oxygen inside an NMR machine without compromising the quality of

spectra while conducting initial experiments on unoxygenated cultures.



2. MATERIALS AND METHODS

2.1. GROWTH CONDITIONS

2.1.1. Bacterial strains

All bacterial strains used are listed in table 2.1. M smegmatis JR128 was provided by

the Luisi laboratory, University of Cambridge.

M smegmatis mc?155, AtpEP3?Y,

AcydAB, AqgcrCAB and M. tuberculosis mc?6230 and AcydAB were supplied by the Cook

laboratory, University of Otago.

Table 2.1: Bacterial strains used in experiments with the bioenergetic chamber and

NMR studies.
Species Strain Genotype Reference
M. smegmatis JR128 mc?4157 with groELAC Pacet- Rock et al., 2015
T7 RNA polymerase::L5(Kan)
M. smegmatis mc?155 WT Snapper et al.,
1990
M. smegmatis AtpEP32Y mc?155 with point mutation Koul et al., 2007
in atpE (D32V)
M. smegmatis AcydAB mc?155 with deletion of Lu et al., 2019
cydAB
M. smegmatis AqgcrCAB mc?155 with deletion of Chong et al., 2020
qgcrCAB
M. tuberculosis ~ mc?6206 H37Rv with deletion of leuD Samspon et al.,
and panCD 2004
M. tuberculosis ~ mc?6230 H37Rv with deletion of Sambandamurthy
panCD and the RD1 region et al., 2006
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M. tuberculosis AcydAB mc?6230 with deletion of Berney laboratory,
cydAB Albert Einstein
College of
Medicine, strain

not published

Bacillus subtilis 168 In-frame 3 base pair deletion Burkholder and

(B. subtilis) in trpC (1110del) Giles, 1947

2.1.2. Growth conditions for bioenergetic chamber experiments

M. smegmatis strains were grown in Middlebrook 7H9 media (Sigma-Aldrich)
supplemented with Tween 80 (0.05% v/v) and glycerol (50 mM), with kanamycin (30
pug/mL) added to starter cultures of JR128 and D-(-)-arabinose (5 mM) added to
AtpEP3?V cultures. 7H9 media, Tween 80 and glycerol were combined prior to

autoclaving with other supplements being filter-sterilised and added afterwards.

7H10 agar plates (mc?155, AtpEP3%Y, AcydAB and AgcrCAB) or kanamycin LB agar plates
(JR128) were inoculated with -70 °C glycerol stock and incubated at 37 °C for 48-72
hours. Once single colonies were visible, plates were stored at 4 °C and single colonies
were used to inoculate 50 mL of media in 250 mL conical flasks to prepare starter
cultures. These cultures were incubated (37 °C, 200 rpm) until an ODggo of 2.5-5 was

reached (ca. 72 hours).

JR128 cultures were grown in 500 mL of media in 1L plastic conical flasks with samples
for bioenergetic chamber experiments taken throughout a 7-hour period (ODggo = 0.9-
2.9). All other M. smegmatis strains were grown in 50 mL of media in 250 mL conical
flasks, with multiple cultures being inoculated at the same time using different
volumes of starter culture to achieve an ODsgo suitable for bioenergetic chamber

experiments (ODggo ™~ 1-2) at staggered times.

M. tuberculosis strains were grown in Middlebrook 7H9 media (Sigma-Aldrich)

supplemented with Tween 80 (0.05% v/v), glycerol (55 mM), Middlebrook OADC



(bovine albumin fraction V (50 mg/mL), D-glucose (20 mg/mL), catalase (0.04 mg/mL),
oleic acid (0.5 mg/mL), sodium chloride (8.5 mg/mL)) (10% v/v) and pantothenate (48
ug/mL). Leucine (0.5 mg/mL) was added to mc?6206 cultures. Starter cultures were
prepared by inoculating 10 mL of growth media with 10 pL glycerol stock in T25 cell
culture flasks. These were incubated without shaking (37 °C) until an ODego > 1 was

reached (ca. 14 days).

Cultures for bioenergetic chamber experiments were prepared using 120 mL media in
T225 cell culture flasks (mc?6206) or 40 mL media in T75 cell culture flasks (mc?6230
and cydAB) and were incubated without shaking (37 °C) until an ODeoo of 0.7-1.3 was

reached (ca. 5-7 days).

2.1.3. NMR chamber growth measurements

B. subtilis 168 spores (2 pL) were added to LB broth (39 mL) in the NMR airlift chamber
and a 250 mL conical flask, both of which were then incubated at 37 °C. The conical
flask was shaken and the NMR chamber culture was mixed and oxygenated using a

flow of filtered compressed air.

M. smegmatis mc*155 was grown in Middlebrook 7H9 media (Sigma-Aldrich)
supplemented with Tween 80 (0.05% v/v), antifoam C emulsion (0.05% v/v) and a
carbon source (succinate or glycerol, 50 mM). Two conical flasks, each containing 39
mL of media, were inoculated and incubated overnight (37 °C, 200 rpm) until an ODgoo
of 0.4-0.6 was reached. One culture was then transferred to the NMR chamber,
incubated in a water bath (37 °C) and a filtered flow of approx. 80% oxygen at a rate
of 0.05 LPM was bubbled through. ODeoo readings were taken roughly every two
hours, with fresh media being used to top up the NMR chamber if there was a

noticeable drop in volume.

2.2. BIOENERGETIC CHAMBER CONDITIONS

2.2.1. Metabolic inhibitor/ionophore stock preparation
Stock solutions of metabolic inhibitors/ionophores were prepared as outlined in table

2.2. Dilutions were prepared as needed for experiments with the bioenergetic



chamber using the same solvent as the stock solution. All BDQ experiments used the
ethanol stock solution except for those that required the addition of 10 uM BDQ to

the bioenergetic chamber.

Table 2.2: List of inhibitor stock solutions.

Inhibitor/ionophore/ Supplier Concentration of Solvent
uncoupler stock solution/ mM
cccp Alfa Aesar 50 Ethanol
FCCP MedChemExpress 50 Ethanol
(MCE)
BAM15 Sigma-Aldrich 2 Ethanol
Rotenone Santa Cruz 1 Ethanol

Biotechnology

Piericidin A Apexbio 12 Ethanol
TRZ Sigma-Aldrich 75 Ethanol
TFPZ Cayman Chemical 80 Water
Company

HQNO Cambridge 10 Ethanol
Bioscience

CFz Thermo Scientific 0.5 Ethanol
Chemicals

CHQAD Drug Discovery 10 Ethanol

Unit, University

of Dundee

3NP Fluorochem 50 Water




Antimycin A Sigma-Aldrich 2.5 Ethanol

Oligomycin A Selleck Chemicals 6.3 Ethanol

DCCD Sigma-Aldrich 100 Ethanol

Nigericin Cayman Chemical 5 Ethanol
Company

Valinomycin Cayman Chemical 10 Ethanol
Company

BDQ AdooQ 0.3 Ethanol
Bioscience

10 DMSO

2.2.2. Bioenergetic chamber measurements

For M. smegmatis experiments, 5 mL of culture were removed and cells from this
extract were then pelleted in a centrifuge tube (tabletop swing bucket centrifuge,
4500 rpm, 5 mins, 37 °C), washed once and resuspended in a buffer solution (20 mM

HEPES, 150 mM NaCl or KCl) or growth media excluding Tween 80.

For M. tuberculosis experiments, 30 mL (mc?6206) or 35 mL (mc?6230 and AcydAB) of
culture were removed and cells from this extract were then pelleted in a centrifuge
tube (tabletop swing bucket centrifuge, 4500 rpm, 5 mins, 37 °C), washed once and

resuspended in 5 mL of media excluding Tween 80 and Middlebrook OADC.

These cell suspensions were transferred to the bioenergetic chamber: a quartz
crucible contained in an aluminium block with a stainless-steel lid and glass stirrer bar
(Ripple, Kim and Springett 2013). The temperature in the chamber was maintained at
37 °C. For all experiments unless specified, the oxygen concentration was kept at 100
UM/min. Oxygen was delivered via a flow of oxygen/nitrogen gas through platinum-

cured silicon tubing, with the mixture being adjusted using oxygen concentration



measurements made via the fluorescence lifetime of a phosphorescent membrane
fitted to the inside of the chamber. The OCR of cell suspensions was determined by
comparing the rate of oxygen delivery through the silicon tubing with the measured
oxygen concentration inside the chamber. The tubing was replaced after each

experiment.

Cytochrome attenuation spectra were recorded as outlined by Rocha and Springett
(Rocha and Springett, 2019). In experiments that used fitting, cytochrome spectra
were fitted to model spectra obtained from cytochromes in mitochondria. Where cells
were suspended in buffer solution, glycerol (10 uL, 70 %) was added shortly after the
start of data collection. Small volumes (2-50 uL) of metabolic inhibitors/ionophores

were added to achieve the total concentration specified for each experiment.

2.3. NMR EXPERIMENTS

2.3.1. Sample preparation
To determine the reference power required for a 90° radiofrequency pulse, a 0.2 M
solution of Pi was prepared by dissolving NaH2P0O4 (780 mg, 5 mmol) in deionised water

(25 mL).

For the wide-bore NMR spectrum of M. smegmatis, the sample was prepared by
Rowan Walters. Briefly, M. smegmatis JR128 was grown using the same conditions as
for bioenergetic chamber experiments. Once cells reached mid-exponential phase
they were spun down (tabletop swing bucket centrifuge, 4500 rpm, 5 mins, 37 °C), and
resuspended in Tris-SO4 buffer solution (25 mM, pH 7.2) at approximately 10x their
original concentration. A 25 mL sample was transferred to a 50 mL conical tube and

this was used for NMR experiments.

Standard solutions of ATP, ADP, AMP and P; were prepared in a buffer solution
comprised of Bis-Tris methane (25 mM), MOPS (25 mM) and Tris-Cl (25 mM) as
outlined in table 2.3. Each solution was brought to the correct pH via additions of
hydrochloric acid or sodium hydroxide solution. A 540 pL sample of each solution was

taken and 60 pL D,O was added to enable signal lock. In experiments with magnesium
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chloride, a 962 mM stock solution was prepared using deionised water (458 mg, 4.81

mmol, 5 mL) and 26 pL of this was added to the samples prepared as stated above.

Table 2.3: ATP, ADP, AMP and NaH»PQOq solutions prepared for high-resolution NMR

experiments.

Compound Mass (mg) Moles Volume Concentration pH

(mmol)  (cm?3) (mM)
ATP disodium salt 275.7 0.5 25 20 6.7
275.7 0.5 25 20 7.7
275.7 0.5 25 20 8.7
ADP sodium salt 213.6 0.5 25 20 6.7
213.6 0.5 25 20 7.7
213.6 0.5 25 20 8.7
AMP disodium salt 195.7 0.5 25 20 6.7
195.7 0.5 25 20 7.7
195.7 0.5 25 20 8.7
NaH2P0O4:2H,0 78.0 0.5 25 20 6.2
78.0 0.5 25 20 7.2
78.0 0.5 25 20 8.2

For the high-resolution spectrum of M. smegmatis, M. smegmatis mc?155 cells were
grown as using the same conditions as for bioenergetic chamber experiments. Once
cells reached mid-exponential phase (ODeoo = 2.3), they were pelleted (tabletop swing
bucket centrifuge, 4500 rpm, 5 mins, 37 °C). 540 pL of cells were removed and

resuspended in 300 pL of supernatant and 60 uL D,0.
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2.3.2. Wide-bore NMR experiments

NMR spectra were recorded on a Bruker 400 MHz UltraShield™ wide-bore
spectrometer with a pre-installed micro-imaging gradient system (Bruker, Micro2., 1.5
T/m) operated using Paravision 6.0.1 (Bruker) (162 MHz for 3!P). Chemical shifts are

reported in units of parts per million (ppm) relative to 85% orthophosphoric acid.

To determine the reference power, spectra were recorded using a single-pulse
sequence (averages = 1, acquisition time = 102.4 ms, spectral width =123.5 ppm, 2048
points) with the reference power being varied from 5 to 40 W in increments of 2.5 W.
The integrals of the resulting signals were then plotted against the power using

MATLAB code written by Dr Aneurin Kennerly (supervisor).

31p NMR spectra of M. smegmatis were recorded using single-pulse sequences
(reference power = 15 W, acquisition time = 102.4 ms, spectral width = 123.5 ppm,
2048 points) with some parameters being varied as outlined in table 2.4. Spectra were

processed in Bruker TopSpin 3.6.1 using a line broadening factor of 3 Hz.
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Table 2.4: NMR Parameters used in wide-bore NMR experiments performed on M.

smegmatis cells.

Experiment number Repetition time Averages () Flip angle (°)
(TR) (ms)
1 1000 2000 90
2 800 2000 90
3 600 2000 90
4 400 2000 90
5 200 2000 90
6 600 1000 90
7 200 4000 90
8 200 4000 60
9 200 4000 30

2.3.3. High-resolution NMR experiments

NMR spectra were recorded on a Bruker 400 MHz UltraShield™ wide-bore
spectrometer operated using Bruker TopSpin 3.6.1 (162 MHz for 3'P). Chemical shifts
are reported in units of parts per million (ppm) relative to 85% orthophosphoric acid.
All spectra were recorded using a single-pulse sequence (averages = 4096, TR=2.5s,
acquisition time = 511.2 ms, flip angle = 30°, spectral width = 395.7 ppm, 32768
points). Spectra were processed in Bruker TopSpin 3.6.1 using a line broadening factor

of 3 Hz and were then exported to Microsoft Excel.
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3. VISIBLE WAVELENGTH REMISSION
SPECTROSCOPY

3.1. INTRODUCTION

3.1.1. Cytochrome spectroscopy

SDH2, the supercomplex and cytochrome bd oxidase in mycobacteria contain
prosthetic haem groups, porphyrin rings complexed to central Fe atoms (figure 3.1),
which are involved in electron transport (Safarian et al., 2016; Igbal et al., 2018; Gong
et al., 2020). When a haem group is contained in a protein complex, these complexes

are dubbed cytochromes.
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Figure 3.1: Types of haems found in mycobacterial ETCs. In this diagram iron is shown
in the +2 ferrous oxidation state but will oxidise to the +3 ferric oxidation state upon

electron transfer.

Both complex Il in mitochondria and MK-cytochrome c¢ oxidoreductase bcc in
mycobacteria contain two b-type haems (b, and bx) (Nicholls and Ferguson, 2002;
Igbal et al., 2018). MK-cytochrome c oxidoreductase bcc also has two c-type haems
(c1 and c) while complex Ill in mitochondria has one c-type haem (c:), with a second
being contained in cytochrome c. Complex IV in mitochondria and cytochrome ¢
oxidase aasin mycobacteria contain two a-type haems. No further cytochromes exist

in the mitochondrial ETC, while in mycobacteria SDH2 contains two b-type haems and
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cytochrome bd oxidase contains two further b-type haems and a d-type haem

(Safarian et al., 2016; Gong et al., 2020).

These cytochromes have absorbances in the UV-vis region and thus can be studied
using UV-vis spectroscopy. The type of haem group present and its environment
influence cytochrome absorption spectra, allowing for the identification of different
cytochromes through this method. By recording spectra at multiple wavelengths and
using deconvolution techniques, spectra recorded on mixtures of cytochromes can be

resolved and individual components identified (Berry and Trumpower, 1987).

This technique can be applied to isolated proteins or whole cells using specialised
equipment described below, enabling cytochrome concentrations to be measured
(Serebrennikova, Huffman and Garcia-Rubio, 2015). Additionally, the absorption
spectrum of a cytochrome depends on the oxidation state of the Fe centre (Stokes,
1864). As a result, multi-wavelength spectroscopy can be used to monitor changes in
the oxidation state of cytochromes in the ETC (figure 3.2). These measurements
provide a valuable insight into the state of the ETC and its response to the presence

of various inhibitors/conditions.

— Steady state
— Anoxia
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Figure 3.2: Remission spectra of M. smegmatis mc?155 cells recorded under steady
state and anoxic conditions, with changes in attenuation (Aattenuation) being
measured relative to an initial spectrum recorded on cells to reduce the impact of

baseline attenuation on the spectra. Under anoxic conditions the cytochromes are



more reduced and cytochrome peaks become visible in the spectrum, with the peaks

at 600 nm, 563.5 nm and 552 nm corresponding to a, b and c cytochromes respectively.

3.1.2. The bioenergetic chamber

The bioenergetic chamber (figure 3.3) is a device that allows simultaneous monitoring
of cytochrome oxidation states and oxygen consumption in live cells (Rocha and
Springett, 2019). It consists of a 5 mL quartz crucible surrounded by a metal heating
block into which liquid cultures can be loaded. A phosphorescent membrane with a
fluorescence lifetime dependent on oxygen concentration is fitted inside the chamber
and acts as an oxygen sensor. Oxygen-permeable platinum-cured silicon tubing is used
to supply cultures with oxygen and the OCR of cells can be determined using the rate

of oxygen delivery along with measurements of oxygen concentration in the chamber.

Addition
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Figure 3.3: Basic diagram showing the structure of the bioenergetic chamber,
featuring an LED light source, with spectra being recorded by the CCDs (Rocha and
Springett, 2019).

This method of measuring oxygen concentration has several advantages over the
conventional Clark electrode (Ripple, Abajian and Springett, 2010). In a Clark

electrode, oxygen diffuses across a semi-permeable membrane and is reduced at a
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platinum electrode, while silver is oxidised at a silver/silver chloride reference
electrode (Nicholls and Ferguson, 2002). The resulting current is directly proportional
to the oxygen concentration in solution. Due to the need for oxygen to diffuse across
the membrane, a Clark electrode has a higher threshold for oxygen detection than a
phosphorescent membrane suspended directly in solution (Melnikov et al., 2022). This
also results in the Clark electrode having a slower response time to changes in oxygen
concentration. Furthermore, replacement of a phosphorescent membrane upon signs

of degradation is less demanding than maintenance of a Clark electrode.

In addition to providing information on the OCR, the device contains CCDs that record
spectra of back-scattered light from the culture in the visible light region (Rocha and
Springett, 2019). These spectra enable detection of changes in the oxidation state of
the cytochromes. Fitting the spectra to those obtained from isolated proteins
produces traces which show changes in the oxidation state of individual cytochromes

in response to metabolic inhibitors/uncouplers or changes in conditions.

The use of remission spectroscopy (back-scattered light) versus transmission
spectroscopy (light passing through a solution) allows spectra to be collected from
turbid cultures which are unsuitable for the latter (Rocha and Springett, 2019). The
ability to collect spectra independent of cell density enables more control over the
OCR of samples, ensuring the OCR is high enough that detected changes are not

subject to a high margin of error.

However, use of this method does not give absolute spectra, with the amount of back-
scatter being affected by factors such as cell-morphology. Instead, spectra can be
accessed qualitatively to determine whether cytochrome groups have oxidised or
reduced. Alternatively, if fully reduced and fully oxidised spectra are able to be
collected over the course of an experiment (and the experimentalist is reasonably sure
that this is the case), these can be set as reference points and the ratio of oxidised
versus reduced cytochromes can be determined and plotted (Ripple, Kim and

Springett, 2013).

Early data was collected using model spectra of the by, b, and c; cytochromes from

mitochondrial complex lll, mitochondrial cytochrome ¢ and asps from mitochondrial
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complex IV with the expectation they would correlate with absorbances from the
mycobacterial supercomplex. Later, this approach was found to be unsuitable and

instead raw difference spectra were used.

3.1.3. Aims for this chapter
The aim of this chapter is to develop a protocol for running experiments on
mycobacteria in the bioenergetic chamber and apply this to understanding BDQ's

mechanism. This can be broken down into the following objectives:

I. Develop a method for preparing and using M. smegmatis samples in the
bioenergetic chamber.

II. Investigate the impact of various metabolic inhibitors and
uncouplers/ionophores on M. smegmatis to establish a metabolic toolkit that
can be used for studying the ETC in mycobacteria.

lll.  Use findings from objective | to develop a protocol for running experiments on
BSL-2 compatible M. tuberculosis strains in the bioenergetic chamber.

IV. Determine the most effective means for analysing and interpreting data
obtained using the bioenergetic chamber.

V.  Apply the results of objectives I-IV to elucidate the mode of action of BDQ in

M. smegmatis and M. tuberculosis.

3.2. OPTIMISATION OF COLLECTING DATA FROM
MYCOBACTERIA IN THE BIOENERGETIC CHAMBER

3.2.1. Developing a protocol for running experiments on M.
smegmatis in the bioenergetic chamber

Prior to this work, the bioenergetic chamber had only been used to examine the ETC
in mitochondria. As a result, a method for working with mycobacteria in the chamber
had to be developed before starting any work with BDQ. Interest in uncovering BDQ’s
mechanism stems from its role in treating TB, however due to M. tuberculosis being
slow growing, difficult to culture and requiring stricter safety protocols, initial
experiments were done in the rapidly growing mycobacterium M. smegmatis. It was

in screenings performed with M. smegmatis that DARQs were first identified as
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potential anti-TB compounds (Andries et al., 2005), validating it as a model organism
for studying BDQ’s mechanism and performing these preliminary experiments. A
kanamycin-resistant strain of M. smegmatis (JR128) (Rock et al., 2015) was used in
initial experiments as this allowed use of growth media containing kanamycin in

starter cultures, therefore reducing the risk of culture contamination.

The data presented here is not fitted to mycobacterial spectra due to a lack of
available reference spectra and is therefore not a perfect insight into the state of the
mycobacterial ETC. Despite this, changes in cytochrome oxidation state due to
anoxia/inhibitors were observed, showing the mitochondrial model used serves to

make these initial measurements.

Figure 3.4 shows one of the first sets of data recorded on a culture of M. smegmatis
using the chamber, collected by Rowan Walters (PhD student). The top graph shows
the set and actual oxygen concentration in chamber, while the second shows the
measured OCR. The bottom three graphs all provide information on the oxidation
state of the cytochromes. As the cytochromes were not fully reduced and then
oxidised over the course of the experiment, exact oxidised/reduced ratios cannot be
calculated. Instead, the changes in oxidation of the cytochromes are measured in AU,
with a decrease being representative of reduction and an increase indicating

oxidation.

In this run, no inhibitors were added but the oxygen concentration in the chamber
was set to zero for a short period. As the oxygen concentration falls to zero, all of the
cytochromes, except for agps, reduce as oxygen is no longer present to act as a
terminal acceptor and so there is a build-up of charge on the ETC. Once oxygen is

reintroduced, oxidation of the cytochromes can be observed.

Of note, is that even when the oxygen concentration in the chamber is set to 100 uM
prior to anoxia, it can be seen to decrease. This indicates the length of silicon tubing
used did not allow for sufficient oxygen diffusion. The length was increased from 80
mm to 130 mm, which allowed the oxygen concentration in later experiments to reach

and remain fixed at 100 uM.
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Figure 3.4: An example of data output from the bioenergetic chamber showing the
oxygen concentration in the chamber along with changes in OCR and cytochrome
oxidation states in M. smegmatis JR128 cells on taking the chamber to anoxia and then
reintroducing oxygen. Cells were grown in 7H9 media with Tween 80 (0.05% v/v) and
succinate (50 mM )and a sample was taken directly from culture. Data collection was

performed by Rowan Walters (PhD student). Haem model: mammalian.

Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) was selected as the first inhibitor
to use in experiments with the bioenergetic chamber, given that it has been shown to
act in mycobacteria and should have a noticeable effect on cytochrome oxidation

states (Jeon et al., 2019). Furthermore, the action of uncouplers should result in an
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increase in cells’ OCR as they try to re-establish the PMF. To find the concentration of
CCCP needed in order for its effects to be observed using the device, an initial titration

experiment was performed (figure 3.5).

Prior to the addition of CCCP, the oxygen concentration is increased to and held at 150
UM for a short period before being returned to 100 uM and then lowered to 0 uM for
a period. This is referred to as a top-hat and allows calibration of the oxygen

measurements, as well as demonstrating that cells are respiring.
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Figure 3.5: Changes in OCR and cytochrome oxidation states in M. smegmatis JR128
cells in response to treatment with CCCP. Cells were grown in 7H9 media with Tween

80 (0.05% v/v) and succinate (50 mM) and a sample was taken directly from culture
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once an ODeoo of 0.6 was reached. Arrows on the second panel indicate the time of
CCCP additions, with the concentration given being the total concentration of CCCP in
the chamber following addition. Data collection was performed collaboratively with

Rowan Walters (PhD student). Haem model: mammalian.

Following the return of the oxygen concentration inside the chamber to 100 uM, 2 uL
of 100 mM CCCP is added, resulting in a total concentration in the chamber of 40 uM.
As the MIC of CCCP in M. tuberculosis was found to be 20 uM (Jeon et al., 2019), it was
anticipated that an impact on cytochromes and OCR would be observed and this could
be treated as a maximum in future titration experiments. However, while there is
potentially a slight oxidation in the by cytochrome population, no other effects are
observed. Even at a CCCP concentration of 120 uM where oxidation of by is more
apparent and there appears to be slight oxidation of ¢, there is no obvious change in

the OCR.

Cells in this experiment were taken directly from culture that contained the detergent
Tween 80. Detergents are used when growing mycobacteria to prevent cells from
clumping together, as this results in an uneven suspension and could lead to different
cells receiving different levels of oxygenation. It is possible some CCCP may be
dissolving in the hydrophobic phase created by the detergent, reducing the amount
of CCCP reaching cells, as this would explain why such high concentrations are needed
to see significant effects under these conditions. Following this experiment, the
carbon source used was changed to glycerol, as prior work by Rowan Walters (PhD
student) demonstrated glycerol-grown M. smegmatis cells contained the lowest
amounts of cytochrome bd oxidase compared with M. smegmatis cells grown on other
carbon sources (data not published). This is because there were concerns over
cytochrome signals from cytochrome bd oxidase overlapping with those from the

supercomplex, complicating interpretation of the data.

To test this hypothesis, experiments were conducted with cells grown using different
concentrations of Tween 80, with the expectation that using a lower concentration of
the detergent would result in CCCP demonstrating stronger effects on cells at lower

concentrations. Additionally, in case small changes in OCR were being masked by the
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chamber adjusting the oxygen concentration in the tubing in order to maintain the set
concentration in the chamber, these experiments were run without running oxygen
through the tubing. This was achieved by flowing 100% oxygen through the tubing
prior to the experiment and allowing the oxygen concentration in the chamber to

equilibrate before setting the oxygen flow to 0% and titrating in CCCP.
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Figure 3.6: Changes in OCR and cytochrome oxidation states in M. smegmatis JR128
cells grown in 7H9 media containing (A and B) 0.05% Tween 80 or (C) 0.01% Tween.
Cells were grown using glycerol (50 mM) as a carbon source and a sample was taken
directly from culture once an ODggo of (A) 2.2 (B) 0.7 or (C) 1.6 was reached. (B and C)
Arrows indicate the time of CCCP additions, with the concentration given being the

total concentration of CCCP in the chamber following each addition. Data collection



was performed collaboratively with Rowan Walters (PhD student). Haem model:

mammalian.

Changes in the oxidation states of all cytochromes are observed with 1 uM CCCP in
cells taken from cultures containing 0.01% v/v Tween 80 (figure 3.6), while in the
culture containing 0.05% v/v Tween 80, only a small change in the oxidation level of
the b; cytochrome is seen. In both cases, as well as a control in which no CCCP was
added, the OCR of cells increases as they near anoxia. This may be a response of the
cells to a decrease in oxygen concentration, however it could also be an artifact
generated from how the OCR rate is determined when no oxygen is flowing through
the tubing. Due to this, it is difficult to interpret the impact of CCCP on OCR under

these conditions.

As a decrease in the amount of detergent in the sample increased the sensitivity of
the cells to CCCP, this indicates that the presence of a detergent does affect cellular
uptake of CCCP. Therefore, to acquire the best quality data, later experiments were
done on washed cells, rather than those taken directly from a culture containing a

detergent.

The method of running the chamber without flowing oxygen through the tubing is not
effective for measuring changes in OCR and a limited number of additions are possible
before the chamber becomes anoxic. Another experiment was performed, this time
using the oxygen delivery system to maintain the oxygen concentration in the
chamber at 100 uM (figure 3.7). Cells were washed and resuspended in a HEPES buffer
solution, with the hope that removal of any detergent may allow for changes in OCR

on addition of CCCP to be observed.

When washed cells are added to the chamber, their OCR is relatively low as a result of
the majority of the carbon source being removed during the wash. 10 pL of 70%
glycerol are added prior to calibration of the oxygen delivery system to ensure there
is sufficient carbon source. From the end of the top-hat, the level of oxidation of all
cytochromes except for asps appears to gradually decrease, while for asps a gradual
increase in oxidation is observed. As this trend does not change with the additions of

CCCP up to a total CCCP concentration of 800 nM (at which point a slight reduction in
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cyt ¢ can be seen corresponding with a CCCP addition), it can be concluded that this
overall trend is not due to the presence of CCCP and is likely due to some sort of

spectral artefact that may be unrelated to the cytochromes.
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Figure 3.7: Changes in OCR and cytochrome oxidation states in M. smegmatis JR128
cells on addition of increasing concentrations of CCCP. Cells were grown in 7H9 media
with Tween 80 (0.05% v/v) and glycerol (50 mM), once an ODgoo of 2.3 was reached, a
5 mL sample was taken, washed once and resuspended in HEPES buffer solution (20
mM HEPES, 150 mM sodium chloride, pH = 7.4). Arrows indicate the time of additions,
with G representing the addition of 10 ulL 70% glycerol (final concentration 19 mM)

and the subsequent concentration values being the total concentration of CCCP in the



chamber following each addition. Data collection was performed collaboratively with

Rowan Walters (PhD student). Haem model: mammalian.

At a 1.2 uM concentration of CCCP, there is another slight reduction in cyt ¢ and cyt c:
but it is only at 10 uM CCCP that an impact on all of the cytochromes is observed.
There is a small increase in OCR on addition of 800 nM CCCP, with a further increase
occurring when the CCCP concentration is raised to 10 uM. At 220 uM CCCP, oxidation
of ¢ and c: is observed and the OCR decreases with each addition of CCCP. This may
be a sign that at this concentration and under these conditions, CCCP affects cell

viability in M. smegmatis.

These results demonstrate the importance of removing the detergent from samples
before transferring them to the bioenergetic chamber. Having established a method
for exploring the effects of specific compounds on mycobacteria using the
bioenergetic chamber, experiments with other metabolic inhibitors/uncouplers were
conducted (see section 3.2.2) and further revisions were made to this protocol, based

on the results obtained.

Experiments with nigericin and valinomycin, which act as a proton/potassium ion
exchanger and a potassium ion transporter respectively, prompted consideration of
the salt included in the buffer (figure 3.8). In initial experiments, 150 mM sodium
chloride was added to ensure the salinity was appropriate so no or very few potassium
ions would have been present outside cells. Under these conditions an increase in OCR
and reduction of the b cytochromes is observed with valinomycin, while nigericin
appears to have no effect up to 20 uM despite having activity against M. tuberculosis
with a minimum bactericidal concentration 90% (MBCgp) value of 1.25 uM (Rao et al.,
2008). Swapping sodium chloride for potassium chloride did not have a significant
impact on the effects seen with nigericin but did result in a notable increase in OCR in
the control compared to the sodium chloride buffer (table 3.1). The reason for this
increase is unclear but did bring into question the importance of the ion composition
of the buffer. Additionally, there was some concern that removing the carbon source

and then reintroducing it after the washing process may impact cells’ metabolism, so
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in future experiments the carbon source was added to the wash media at the same

concentration as in cells” growth media.
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Figure 3.8: Changes in OCR and cytochrome oxidation states in M. smegmatis JR128
cells on addition of increasing concentrations of (A) nigericin or (B) valinomycin. Cells
were grown in 7H9 media with Tween 80 (0.05% v/v) and glycerol (50 mM), once an
ODsoo of (A) 0.9 (B) 1.7 was reached, a 5 mL sample was taken, washed once and
resuspended in HEPES buffer solution (20 mM HEPES, 150 mM sodium chloride, pH =
7.4). Arrows indicate the time of additions, with G representing the addition of 10 uL
70% glycerol (final concentration 19 mM) and the subsequent concentration values
being the total concentration of (A) nigericin or (B) valinomycin in the chamber

following each addition. Haem model: mammalian.
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Table 3.1: Changes in the OCR of M. smegmatis JR128 measured in the bioenergetic
chamber on the addition of 1) nothing, 2) 1 uM valinomycin, 3) 1 uM nigericin in 20
mM HEPES buffer (pH = 7.4) containing 150 mM sodium chloride or 150 mM potassium

chloride.
Salt in lonophore Change in OCR 20 mins post  Percentage
Buffer addition (UM min-?) change (%)
Sodium None 1 2
chloride
Valinomycin 8 11
Nigericin 0 0
Potassium None 8 10
chloride
Valinomycin 10 13
Nigericin 9 12

In an effort to place as little stress on the cells as possible prior to any drug additions,
the decision was made to try resuspending them in 7H9 media, without Tween 80.
The HEPES-containing resuspension buffers used prior to these tests had a pH of 7.4
while 7H9 growth media has a pH of 6.6+0.2. To check whether changes observed in
the bacteria were due to a change in ion composition of the resuspension buffer or a
change in pH, experiments were first run using 7H9 media with a pH of 7.4. There were
concerns that the ferric ammonium citrate and copper sulfate in 7H9 may result in
production of reactive oxygen species via Fenton chemistry with prolonged exposure
to the bioenergetic chamber’s LED. To test this, experiments looking at the change in
cells’” OCR over time were conducted in 7H9 with and without the inclusion of these
two compounds (figure 3.9). These experiments were performed using a WT strain of
M. smegmatis (mc?155), to ensure the kanamycin-resistance mechanism of the JR128

strain did not impact the results.
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Figure 3.9: Changes in OCR and cytochrome oxidation states in M. smegmatis mc?155
cells washed and resuspended in (A) 7H9 without ferric ammonium citrate and copper
sulfate supplemented with 50 mM glycerol (pH = 7.4) or (B) 7H9 supplemented with
50 mM glycerol (pH = 7.4). Cells were grown in 7H9 media with Tween 80 (0.05% v/v)
and glycerol (50 mM) and samples were taken once an ODesgo of (A) 1.4 or (B) 1.3 was

reached. Haem model: mammalian.

Inclusion of ferric ammonium citrate and copper sulfate leads to a more stable OCR,
with a 6% increase over a 20-minute period following calibration of the oxygen
system, compared with a 25% increase in the absence of these compounds. There are
two possible explanations for this, the first being that the greater increase in OCR

without ferric ammonium citrate and copper sulfate is due to cell growth over the
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course of the experiment which would indicate the compounds do have a negative
impact on cells under the conditions present in the bioenergetic chamber.
Alternatively, the lack of these compounds may place more stress upon cells, with the

increase in oxygen consumption being a response to this.

Of these two explanations, the latter is more likely as M. smegmatis has a doubling
time of 3-4 hours and so cell growth alone is not sufficient to account for a 25%
increase in OCR over a 20-minute period. Because of this, and because a more stable
OCR makes it easier to track changes due to compound addition, the decision was
made to include ferric ammonium citrate and copper sulfate in the resuspension

buffer in future experiments.

Experiments with 7H9 media at pH 6.6 reveal the importance of maintaining the
correct pH. Under these conditions there is a drop in OCR accompanied by changes in
b and c cytochrome oxidation state on addition of 1 uM nigericin (figure 3.10). It is
likely that resuspending cells in a pH 7.4 media means the PMF is composed entirely
of AW. The proton/potassium ion exchanging activity of nigericin is able to disrupt ApH
but not AW, thus why no effects are observed. One of BDQ’s proposed mechanisms is
that it acts as a proton/potassium ion exchanger, collapsing ApH while maintaining
AW, so it is important the conditions used in the bioenergetic chamber would allow
this to be observed. A summary of how the protocol for performing bioenergetic

chamber experiments with M. smegmatis has been optimised is included in table 3.2.

80



[ =
£ = 150 A
o= Nigericin
£
SN N
c QO
T 2 — Set
g £ 509/ — actual
9 c
oN b O T T T
0 1um 10 20 53SM
=100 7V v
£ 80 -
= 60
=
32 40
& 20 -
© o . . .
0 10 20 30

210 4 — Cytp,
— Cytb,

Change in
cytochrome

oxidation (AU)
-
(=] (=]

-10 4| — Cytc

— Cyt c,
'20 T T T

Change in
cytochrome
oxidation (AU)

Change in
cytochrome
oxidation (AU)
(93]

_5 T T T
0 10 20 30
Time (mins)

Figure 3.10: Changes in OCR and cytochrome oxidation states in M. smegmatis mc?155
cells on addition of nigericin. Cells were grown in 7H9 media with Tween 80 (0.05%
v/v) and glycerol (50 mM). Once an ODsoo of 2.1 was reached, a 5 mL sample was
taken, washed once and resuspended in 7H9 supplemented with 50 mM glycerol (pH
= 6.6). Arrows indicate the time of nigericin additions, with the concentration given
being the total concentration of nigericin in the chamber following addition. Haem

model: mammalian.
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Table 3.2: Summary of the changes made to the protocol for performing experiments

on M. smegmatis cells using the bioenergetic chamber in order to optimise the

procedure.

Observation

Response

Chamber unable to hold oxygen

concentration at 100 uM

Increased length of tubing from 80 mm

to 130 mm

High concentrations of CCCP required

to see any effect on cells

Washed and resuspended cells in
HEPES buffer (20 mM HEPES, 150 mM
sodium chloride, pH = 7.4) to remove

detergent

No effects observed on addition of

nigericin

Changed salt in buffer to potassium

chloride

Still no effects observed on addition of
nigericin; notable increase in OCR even

when no compound is added

Resuspended cells in 7H9 (at pH 7.4)
excluding ferric ammonium citrate and
copper sulfate and supplemented with

glycerol

Notable increase in OCR even when no

compound is added

Resuspended cells in 7H9 (at pH 7.4)

supplemented with glycerol

OCR more stable in the absence of

inhibitor/ionophore addition

Resuspended cells in 7H9 (at pH 6.6)

supplemented with glycerol

Nigericin displays effects on cells at a

concentration of 1 uM

No further optimisation of M.

smegmatis protocol
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3.2.2. Establishing a metabolic “toolkit” in M. smegmatis

In order to elucidate BDQ's mechanism, it is important to have a library of compounds
with well-established modes of action to which BDQ can be compared. Furthermore,
being able to selectively inhibit specific complexes in the oxidative phosphorylation
system allows for a deeper probing of the impact of different drugs and could highlight

targets for potential combination therapies.

As part of the preliminary work with the bioenergetic chamber, various respiratory
complex inhibitors were trialled to establish whether they are active in mycobacteria,
what concentration is required to see activity and under which conditions. Results

from these experiments are summarised in table 3.3.

Table 3.3: List of uncouplers, ionophores and oxidative phosphorylation inhibitors
examined for activity in M. smegmatis using the bioenergetic chamber and their
observed effects on the bacteria. All samples were grown to log phase in 7H9, 50 mM
glycerol and 0.05% Tween, before being washed and resuspended in the listed

media/buffer. 7H9 media was at a pH of 6.6 while HEPES buffer solutions were at pH

7.4.
Compound Target Resuspension Conc. Observations
media
CCCP Uncoupler 7H9, 50 mM 1-5 Increase in OCR.
Gly UM Oxidation of b
cytochromes.
25 uM Decrease in OCR.
Further oxidation of ¢
cytochromes.
FCCP Uncoupler 7H9, 50 mM 1uM  Increase in OCR.
Gly Oxidation of b and ¢
cytochromes.
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5-25 Decrease in OCR.
UM Further oxidation of b and
¢ cytochromes.
BAM15 Uncoupler 7H9, 50 mM 1-5 Increase in OCR.
Gly UM Oxidation of b
cytochromes.
25 uM Decrease in OCR.
Oxidation of b and ¢
cytochromes.
Rotenone NDH-1 7H9, 50 mM 5uM  No observable effects.
inhibitor Gly
Piericidin A°  NDH-1 7H9, 50 mM 210 Drop in OCR, likely due to
inhibitor Gly UM off targets effects at this
concentration.
TRZ NDH-2 20 mM HEPES, 180 Increase in OCR.
inhibitor 150 mM NaCl  uM Reduction of b
cytochromes.
360 Arrest of oxygen
UM consumption.

Slow oxidation of b and ¢
cytochromes over 15-20

mins.
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TFPZ NDH-2 20 mM HEPES, 200 Increase in OCR.
inhibitor 150 mM NaCl  uM Reduction of b
cytochromes.
400 Arrest of oxygen
uM consumption.
Slow oxidation of b and ¢
cytochromes over 15-20
mins.
HQNO NDH-2 20 mM HEPES, 10 uM Increase in OCR.
inhibitor 150 mM KCl Oxidation of b
cytochromes, reduction of
a and ¢ cytochromes.
100 Decrease in OCR.
UM Further reduction of ¢
cytochromes.
CFz NDH-2 7H9, 50 mM 35 nM Absorbance of CFZ
inhibitor Gly obscures spectral changes
of cytochromes.
CHQAD NDH-2 7H9, 50 mM 3.2- OCR decreases as
inhibitor Gly 22.8 concentration increases.
UM Slight oxidation of b, c and
a cytochromes at highest
concentration.
3NP SDH 7H9, 50 mM 50 uM No observable effect.
inhibitor Gly




Antimycin A bcc 20 mM HEPES, 6 uM  No observable effect, may
complex 150 mM NacCl not be active in
inhibitor mycobacteria.

Oligomycin  ATP 7H9, 50 mM 10 uM  No observable effect, may
synthase Gly not be active in
inhibitor mycobacteria.

DCCD ATP 7H9, 50 mM 10 uM Slight increase in OCR.
synthase Gly Slight reduction of b and ¢
inhibitor cytochromes.

50 uM Decrease in OCR, likely due
to off-target effects.

Nigericin H*/K* 7H9, 50 mM 1uM  Immediate drop in OCR
exchanger Gly that recovers with time.

Oxidation of b and ¢
cytochromes and slight
oxidation of a
cytochromes.

Valinomycin K* 7H9, 50 mM 10 uM Increase in OCR.
transporter Gly Reduction of b

cytochromes.

Piericidin A and rotenone are two common inhibitors of complex | in mitochondria

and both have been used in experiments on mycobacteria (Degli Esposti et al., 1994;

Rao et al., 2008; Beites et al., 2019). High concentrations of Piericidin A (around 10-

100 pug mL?) have been observed to inhibit growth of M. tuberculosis grown on

Sauton’s medium (Beites et al., 2019). This concentration was greatly reduced to <1

pg mL1in a strain of M. tuberculosis, in which genes for NDH-2 had been deleted with
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a similar, although less marked, trend being observed with rotenone, indicating that

both inhibitors are able to enter mycobacterial cells and inhibit NDH-1.

Results in M. smegmatis found rotenone displayed no activity up to a concentration
of 5 uM, the maximum that could reasonably be achieved in the chamber due to
rotenone’s solubility. This lack of activity is likely due to NDH-1 activity being
significantly lower (95%) than NDH-2 activity in M. smegmatis (Vilchéze et al., 2005),
thus even if rotenone is able to enter cells and bind to NDH-1, there is little effect on

the activity of the ETC.

A drop in OCR is observed with 10 uM Piericidin A, however this is far above the
concentration that should be required to inhibit NDH-1 such that there is an equal
drug-to-protein ratio. It was concluded this decrease in OCR is likely due to off-target

effects.

All NDH-2 inhibitors trialled displayed activity in M. smegmatis. CFZ has a strong broad
absorbance at 495 nm in its monoprotonated form making it unsuited for experiments
with the bioenergetic chamber focused on examining cytochrome redox states. 10 uM
2-heptyl-4-quinolinol 1-oxide (HQNO) stimulates an increase in OCR, with a decrease
being observed when this concentration is increased to 100 uM. Due to the solubility
of HQNO, concentrations above 200 uM could not be achieved in the chamber.
Trifluoperazine (TFPZ) and thioridazine (TRZ) both increase the OCR of M. smegmatis

at concentrations <200 uM (figure 3.11).

Higher concentrations of TFPZ and TRZ result in complete inhibition of oxygen
consumption, with the b and ¢ cytochromes oxidising over a period of 15-25 mins
following the drop in OCR. The mechanisms of these two compounds have not been
investigated in detail, however they are structurally related to CFZ and so likely have
a mechanism similar to that outlaid in section 1.5.3. The difference in the effects of
TFPZ and TRZ at different concentrations is likely a consequence of them undergoing
this redox cycling at lower concentrations, while at higher concentrations they are
able to outcompete MK, resulting in oxidation of the quinone pool and consequently

oxidation of the supercomplex cytochromes and arrest of oxygen consumption.

87



A B C

c
5§35 150 4 Hano 190 1 Rz 2% ] TFPZ
‘E 2 100 +——= L"—Jk,—-—loo . 150 o ~ rl\
E o 100
8 E 50 {[—set 50 - |
c 50
o & — Actual
SY 0 - i 0 : ; 0 : i
© 0 10 20 0 10 20 0 10 20
360 M 400 pM
:-E-. 100 A~ 20 4 30 -
E
—
50 50
3 50 1. v 'I\ . 540 uM 2o 600 %O y
100 uM . .
§ MM g 180uM\l/ zoomvl\l, \l/“
0 . — -10 : cotmton. 10 4———— s Veoullowengs
0 10 20 0 10 20 0 10 20
— 0
c g 2 - 15 15
© S i i
g £ 8-10 > >
g 0® —Cythb
S - . H -5 5
CEED —Cyth,
©.20 ; — -15 ; — -15 r T
0 10 20 0 10 20 0 10 20
- 5 - 15 - 15 -
c g 2 — Cytc
w 6 ¢ 5 — Cytc, 5 - 5 -
wWeo
8 8 %-15 M -5 -5
583
°.25 T — -15 r — -15 T T

0 10 20 0 10 20 0 10 20
= 10 -
e 2 10 10
c < —
2S5 O , .
€2 0
m
5% 5 -W-lo 10
(¥
°.10 . — -20 + . — -20 . .
0 10 20 0 10 20 0 10 20
Time (mins) Time (mins) Time (mins)

Figure 3.11: Changes in OCR and cytochrome oxidation states in (A) M. smegmatis
mc?155 cells in response to increasing concentrations of HQNO (B,C) M. smegmatis
JR128 cells in response to increasing concentrations of (B) TRZ or (B) TFPZ. Cells were
grown in 7H9 media with Tween 80 (0.05% v/v) and glycerol (50 mM), once an ODgoo
of (A) 2.4 (B) 2.0 (C) 2.3 was reached, a 5 mL sample was taken, washed once and
resuspended in HEPES buffer solution (20 mM HEPES, pH = 7.4) with either (A) 150 mM
KCl or (B,C) 150 mM NaCl. 10 ulL of glycerol was added prior to the start of each run.
Arrows represent the time of additions, with concentrations corresponding to the total
concentration of the relevant inhibitor in the chamber following each addition. (B,C)
Data collection was performed collaboratively with Rowan Walters (PhD student).

Haem model: mammalian.

88



N-(4,4-difluorocyclohexyl)-2-((4-oxo-3,4-dihydroquinazolin-2-yl)thio)acetamide

(CHQAD) is a recently discovered inhibitor of NDH-2 in M. tuberculosis with a reported
MIC of 0.4 uM (Murugesan et al., 2018). While the compound did show some activity
in M. smegmatis, it was not able to fully arrest oxygen consumption at the maximum
concentration that could be added to the chamber (figure 3.12). This suggests it does

not fully inhibit NDH-2 in M. smegmatis.
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Figure 3.12: Changes in OCR and cytochrome oxidation states in M. smegmatis mc?155
cells on addition of CHQAD. Cells were grown in 7H9 media with Tween 80 (0.05% v/v)
and glycerol (50 mM). Once an ODgoo of 1.1 was reached, a 5 mL sample was taken,
washed once and resuspended in 7H9 supplemented with 50 mM glycerol (pH = 6.6).

Arrows indicate the time of additions of CHQAD, with the concentration given being
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the total concentration of inhibitor in the chamber following addition. Haem model:

mammalian.

3-nitropropionate (3NP) is able to act as an inhibitor of SDH and isocitrate lyase, but
has been found to act predominantly as an SDH inhibitor in M. tuberculosis (Eoh and
Rhee, 2013). Although 3NP has been shown to have detrimental effects on cell
growth/viability in mycobacterial cells adapting to hypoxia, it does not display any
activity in M. smegmatis and M. tuberculosis (Eoh and Rhee, 2013; Pecsi et al., 2014).
No effects were observed on glycerol-grown M. smegmatis cells in the bioenergetic

chamber, although this is likely because glycerol-grown cells will contain little SDH.

There are several known inhibitors of the bcc complex in M. tuberculosis, including
Q203, with an MICso of 2.7 nM in broth, and lansoprazole sulfide, with an I1Cso of 460
nM in broth (Pethe et al., 2013; Rybniker et al., 2015). M. smegmatis is insensitive to
both of these compounds, indicating it is less susceptible to cytochrome bcc inhibition.
This may explain the lack of activity observed with antimycin A, which has not
previously been trialled in mycobacteria, however, this insensitivity is partially
mediated by activation of cytochrome bd oxidase (Chauhan et al., 2022) which should
be observable using the bioenergetic chamber through changes in cytochrome
oxidation states. The absence of these changes with the addition of antimycin A
suggest it is not active in mycobacteria, either due to an inability to enter cells or bind

to mycobacterial MK-cytochrome c oxidoreductase bcc.

CCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and N°,N°-Bis(2-
fluorophenyl)[2,1,3]oxadiazolo[4,5-b]pyrazine-5,6-diamine (BAM15) are known
protonophores and all display similar activity in M. smegmatis. At lower
concentrations they stimulate an increase in the OCR, along with oxidation of the b
cytochromes. At higher concentrations, (225 uM for CCCP and BAM15, >5 uM for
FCCP) a drop in the OCR is observed on addition of the protonophore along with
oxidation of the ¢ cytochromes (figure 3.13). These changes are likely due to the
concentration being such that cells can no longer offset the movement of protons via
the protonophore by increasing the activity of proton pumping complexes in the

chain, resulting in dissipation of the PMF and disruption to PMF-linked processes.
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Figure 3.13: Changes in OCR and cytochrome oxidation states in M. smegmatis mc?155
cells in response to increasing concentrations of (A) CCCP, (B) FCCP or (C) BAM15. Cells
were grown in 7H9 media with Tween 80 (0.05% v/v) and glycerol (50 mM), and once
mid-exponential phase was reached, a sample was taken, washed once and
resuspended in 7H9 supplemented with 50 mM glycerol (pH = 6.6), such that the final
ODgoo was between 1.6-1.7. Arrows represent the time of additions, with
concentrations corresponding to the total concentration of the relevant uncoupler in

the chamber following each addition. Haem model: mammalian.

In addition to changes in cytochrome spectra, an increase in absorbance at the far end

of the spectrum (510 nm) is seen with increasing concentrations of BAM15 (figure
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3.14). BAM15 has a Amax of 328 nm at pH 7 (Firsov et al., 2021), so it is possible the
changes observed are due to a broad absorbance of BAM15. Alternatively, BAM15
may be affecting the scattering of light, either due to it precipitating out of solution or
through it impacting the morphology of cells. Therefore, while BAM15 is active in
mycobacteria, it is less suitable for experiments with the bioenergetic chamber than

CCCP and FCCP.
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Figure 3.14: Difference spectra recorded during the experiments shown in figure 3.13,
showing the effect of increasing concentrations of (A) CCCP, (B) FCCP or (C) BAM15 on
cytochrome oxidation in M. smegmatis mc?155 cells. Attenuation spectra were

averaged over a period of 1 min.

In addition to protonophores, the ionophores nigericin and valinomycin were tested
for activity in mycobacteria. In theory, nigericin should collapse ApH while maintaining
AW by transporting protons into the cell while transporting potassium ions out of the
cell. Addition of 1 uM nigericin results in an initial drop in OCR and oxidation of the b
and ¢ cytochromes followed by a recovery to steady state conditions over a period of
15-20 mins (figure 3.15). These changes are likely due to disruption of ApH-linked
processes which cells are then able to compensate for through increasing AW to

minimise the overall change to the PMF.

Valinomycin transports potassium ions across the cell membrane, thereby disrupting
AW. Addition of 10 uM stimulates an increase in OCR, consistent with an increase in
the activity of complexes in the ETC to counter the uncoupled transport of cations
across the membrane. Counter to the action of protonophores however, a reduction

of the b cytochromes is observed.
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Figure 3.15: Changes in OCR and cytochrome oxidation states in M. smegmatis mc?155
cells in response to increasing concentrations of (A) nigericin or (B) valinomycin. Cells
were grown in 7H9 media with Tween 80 (0.05% v/v) and glycerol (50 mM), once an
ODsoo of (A) 1.9 or (B) 0.9 was reached, a 5 mL sample was taken, washed once and
resuspended in 7H9 supplemented with 50 mM glycerol (pH = 6.6). Arrows represent
the time of additions, with concentrations corresponding to the total concentration of

the relevant ionophore in the chamber following each addition. Haem model:

mammalian.
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Figure 3.16: Changes in OCR and cytochrome oxidation states in M. smegmatis mc?155
cells in response to increasing concentrations of (A) oligomycin or (B) DCCD. Cells were
grown in 7H9 media with Tween 80 (0.05% v/v) and glycerol (50 mM), once an ODeoo
of (A) 0.7 or (B) 1.1 was reached, a 5 mL sample was taken, washed once and
resuspended in 7H9 supplemented with 50 mM glycerol (pH = 6.6). Arrows represent
the time of additions, with concentrations corresponding to the total concentration of
the relevant inhibitor in the chamber following each addition. Haem model:

mammalian.

For experiments with BDQ, comparison with a known ATP synthase inhibitor is
essential. Oligomycin is a well-known mitochondrial ATP synthase inhibitor but is

inactive in E.coli (Nieuwenhuis et al., 1973) and did not display any activity in M.
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smegmatis (figure 3.16). N,N-dicyclohexylcarboiimide (DCCD) also acts as an ATP
synthase inhibitor and binds covalently to carboxyl residues, blocking the movement
of protons through the enzyme (Hong and Pedersen, 2008). Addition of 10 uM DCCD
to M. smegmatis results in a slight immediate increase in OCR along with reduction of
b and c cytochromes. Higher concentrations result in a decrease in OCR, however this
is likely due to off-target effects, as DCCD will react with any exposed carboxyl

residues, not just those on ATP synthase.

Through these sets of experiments, there is now a catalogue of compounds active in
mycobacteria that can be used in studies with BDQ and future work on mycobacterial
bioenergetics. In addition, these data highlight some of the strengths of the
bioenergetic chamber. By acquiring measurements in real time, the chamber can be
used to investigate concentrations at which drugs begin to display effects on bacteria
in a single experiment without needing to wait for cell growth. Monitoring the OCR
and spectral changes in conjunction also allows verification of whether a drug is acting

as expected or displaying off-target effects.

3.2.3. Growth of M. smegmatis strains

Initial experiments with the bioenergetic chamber were performed using a
kanamycin-resistant strain of M. smegmatis (JR128), with kanamycin being added to
the growth media of starter cultures to reduce chances of contamination. To avoid
the possibility of any results with BDQ and other key drugs being impacted by the
strain’s kanamycin-resistance mechanism, the WT strain (mc?155) was used for
experiments performed subsequent to investigations on the effects of buffer

composition.

The WT strain was observed to have a faster doubling time than JR128, which meant
the previous approach of taking samples from a single 500 mL culture over the course
of a day resulted in a large variation between the ODggo of samples. To ensure samples
would be in the same growth phase across experiments, the use of smaller cultures
(50 mL) set up with different starting ODeoos was trialled. Table 3.4 demonstrates the
impact of the starting ODeoo on the difference in time taken for cultures to reach the

same ODsoo. This method, combined with adjusting the initial sample volume taken



from cultures depending on the ODseoo, allows for greater control over the cell densities

of samples.

Table 3.4: Growth of 50 mL cultures of M. smegmatis mc?155 (WT), set off with
different volumes of starter culture and therefore at different starting ODgoos. Cells
were grown in 7H9 media supplemented with Tween 80 (0.05% v/v) and glycerol (50
mM) in 250 mL flasks which were incubated at 37 °C with shaking.

Time (hrs) ODeoo of ODgoo of ODgoo of ODsoo of
culture1() culture 2 () culture 3() culture 4 ()
0.0 0.005 0.010 0.020 0.040
17.3 0.400 0.600 1.200 1.600
18.9 0.600 0.900 1.600 2.300
204 0.800 1.300 2.100 2.700
22.0 1.300 1.800 2.300 2.800
23.8 1.800 2.300 2.900 3.000
255 2.300 2.900 3.500 3.600

Growth of M. smegmatis mutant strains was a subject of interest as these strains can
provide deeper insights into BDQ’'s mechanism. Two key strains of interest are a
cytochrome bd oxidase knockout (AcydAB) lacking the cydAB genes (Lu et al., 2019)
and a strain with a point mutation in the atpE gene that renders it resistant to BDQ via
reducing its binding affinity with the c-ring (AtpEP3?Y) (Koul et al., 2007). Prior to
working with these strains in the bioenergetic chamber, growth measurements were
taken to determine the timings required for cultures to reach a suitable ODggo (table

3.5).

The AcydAB strain has a slower growth rate compared to the WT strain but is

otherwise similar. The AtpEP3?V strain also displays slower growth and at an ODgoo of
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around 0.7 cells are observed clumping together even in the presence of 0.05% Tween
80. This clumping is not ideal for making measurements in the chamber as it can result

in cells being unevenly oxygenated which could impact results with BDQ.

Table 3.5: Growth of 50 mL cultures of different strains of M. smegmatis. Cells were
grown in 7H9 media supplemented with Tween 80 (0.05% v/v) and glycerol (50 mM)
in 250 mL flasks which were incubated at 37 °C with shaking.

Time (hrs) ODgoo of WT culture OD¢oo of AcydAB ODgoo of AtpEP32Y

() culture() culture ()
0.0 0.01 0.01 0.01
16.9 0.70 0.20 0.30
19.0 1.20 0.40 0.50
21.2 2.20 0.70 0.60
23.6 3.40 1.30 1.10
25.7 4.10 1.80 1.40

In addition to these strains, growth measurements of a M. smegmatis mutant strain
with deletion of the qcrCAB genes which encode the bcc complex (AgcrCAB) were also
performed (table 3.6). Growth of this strain was notably slower than that of AcydAB
and AtpEP3%Y, speaking to the importance of the role of the bcc complex in maintaining
the PMF, and therefore facilitating cell growth. As this strain is missing the
cytochromes contained in the bcc complex, it is unsuitable for use with the fitting
using modified mitochondrial spectra. Quantitative analysis would require reference
spectra of the remaining terminal oxidase (cytochrome bd oxidase). Due to this,
extensive experiments on this strain with BDQ were not planned but it remains a

potential tool to probe the mycobacterial ETC.
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Table 3.6: Growth of a 50 mL culture of M. smegmatis AqcrCAB. Cells were grown in
7H9 media supplemented with Tween 80 (0.05% v/v) and glycerol (50 mM) in a 250

mL flask which was incubated at 37 °C with shaking.

Time (hrs) ODgoo of AqcrCAB culture ()
0.0 0.01
21.8 0.20
24.8 0.30
25.8 0.40
28.2 0.40
45.4 4.40

In an attempt to solve the clumping issue with the AtpEP3%V strain, it was grown up in
LB supplemented with Tween 80 and glycerol, in the hopes that a richer media would
limit any clumping. Cells did grow more rapidly, but clumping was still observed at
ODeoo values >1. D-arabinose has previously been shown to disperse large clumps of
mycobacteria (Anton, Rougé and Daffé, 1996), so another growth in LB, this time
supplemented with tyloxapol and D-arabinose was performed. Clumps were only
observed once cells reached the stationary phase, however use of this media resulted
in anomalous results in experiments with the bioenergetic chamber and is also not

suitable for comparison with experiments done with other strains in 7H9.

To address these issues, the AtpEP3?V strain was once again grown in 7H9
supplemented with Tween 80 and glycerol, but with the addition of 5 mM D-
arabinose. Growth in this media is slower than that observed in LB and remains free
of visible cell clumps up to an ODeoo of 2 (table 3.7). These conditions were used for
bioenergetic chamber experiments, with D-arabinose being included in the wash

media in efforts to limit cells clumping once in the chamber.
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Table 3.7: Growth of 50 mL cultures of M. smegmatis WT and AtpEP32V, Cells were
grown in 7H9 media supplemented with Tween 80 (0.05% v/v), glycerol (50 mM) and
D-arabinose (5 mM) in 250 mL flasks which were incubated at 37 °C with shaking.

Time (hrs) ODsoo of WT culture () ODsoo of AtpEP32V culture ()
0.0 0.01 0.01
17.9 0.50 0.20
20.0 0.90 0.30
22.4 1.60 0.50
24.5 2.20 0.60

3.2.4. Modifying the procedure to work with BSL-2 compatible M.
tuberculosis

M. smegmatis is a useful model organism for method development due to its fast
growth time comparative to other mycobacteria and non-pathogenic nature.
However, it is important to replicate key experiments with BDQ in M. tuberculosis to
demonstrate findings in M. smegmatis are relevant in the pathogen. Developing a
protocol for working with M. tuberculosis strains in the chamber also allows for future

experiments further probing their biology.

The most commonly used M. tuberculosis strain in laboratory work is M. tuberculosis
H37Rv, a virulent strain derived from one originally isolated from a tuberculosis
patient (Chitale et al., 2022). M. tuberculosis H37Rv must be handled under BSL-3
conditions (Asai et al., 2020), which were not available for this project so BSL-2
compatible strains were used. BSL-2 compatible strains have the disadvantage that
the mutations which render them less virulent can also impact the systems under
examination (Behr et al.,, 1999; Liang et al., 2022). For experiments with the

bioenergetic chamber and BDQ, it is important the metabolism, and in particular the
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oxidative phosphorylation system, of the strain used is as close as possible to that in

virulent TB strains.

Some of the most widely used BSL-2 strains in TB research are M. bovis BCG strains,
the TB vaccine, and M. tuberculosis H37Ra, an attenuated strain derived from the
same clinical isolate as H37Rv (Zheng et al., 2008; Liang et al., 2022). M. bovis strains
lack 61 open-reading frames compared to M. tuberculosis H37Ra, and all M. bovis BCG
strains have a region of difference 1 (RD1) deletion (Behr et al., 1999). RD1 contains
several genes associated with M. tuberculosis virulence, including those for CFP-10
and ESAT-6, which are both important antigens (Daugelat et al., 2003; Guinn et al.,
2004). BCG strains harbour additional deletions compared to M. tuberculosis H37Rv,
with these varying between strains (Behr et al., 1999). These mutations have been
acquired through random events over the course of M. bovis BCG being cultured
throughout the past century rather than via directed means. The result is that the
differences between these strains and virulent M. tuberculosis are not well-defined in

terms of the impact on metabolism, making M. bovis BCG unsuited for this project.

M. tuberculosis H37Ra was generated via culturing virulent M. tuberculosis on solid
egg media for 3-4 months (Steenken, 1935). Compared to M. tuberculosis H37Rv, the
genome of H37Ra contains 53 insertions, 21 deletions and 198 single nucleotide
variations (Zheng et al., 2008). The affected genes include several related to
metabolism, however the impacts of these differences are not fully understood,

making the H37Ra strain ill-suited for experiments with the bioenergetic chamber.

M. tuberculosis mc?6206 is a strain derived from M. tuberculosis H37Rv containing
deletions of genes required for leucine and pantothenate synthesis (leuD and panCD),
meaning supplementation with leucine and pantothenate is required for growth
(Samspon et al., 2004). While these genes are involved in metabolism, compared to
M. bovis BCG and M. tuberculosis H37Ra, the differences between mc?6206 and
H37Rv are well-defined (Behr et al., 1999; Sampson et al., 2004; Zheng et al., 2008).
Additionally, leuD and panCD are not directly involved in oxidative phosphorylation,
making the mc26206 strain better suited for the purpose of studying BDQ’s

mechanism.
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The protocol for preparing samples of M. tuberculosis was kept similar to that for M.
smegmatis, save for additions to the growth and resuspension media and a longer
incubation period without shaking. Catalase contains four haem groups and so OADC

was excluded from the resuspension media along with Tween 80 to ensure these

haem groups would not interfere with the cytochrome spectra.
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Figure 3.17: Effects of ODgoo and sample volume on OCR and cytochrome oxidation
state traces in M. tuberculosis mc?6206. (A,B) 5 mL or (C) 30 mL were taken from of a
culture of cells grown in 7H9 supplemented with Tween 80 (0.05% v/v), glycerol (55
mM), Middlebrook OADC (10% v/v), pantothenate (48 ug/mL) and leucine (0.5 mg/mL)
once an ODegoo of (A,C) 0.8 or (B) 4.4 was reached. Cells were washed and resuspended
in 5 mL 7H9 supplemented with glycerol (55 mM), pantothenate (48 ug/mlL) and

leucine (48 ug/mL). Haem model: mammalian.
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The first sample added to the chamber had an ODeoo of 0.8, similar to that used for
some early M. smegmatis experiments (figure 3.17). At this ODeoo the OCR of cells is
around 4 uM/min which is too low to provide reliable information on the impact of

drug addition or allow the chamber to reach anoxia for calibration.

The next sample was taken from a culture which had been incubated until an ODeoo of
4.4 was reached. This gave an OCR between 9-13 uM/min, which is lower than any
recorded for M. smegmatis at an ODeoo of around 1 but is still sufficient for monitoring
changes in response to compounds that target the oxidative phosphorylation system.
At this ODeoo, however, the b and ¢ cytochrome traces appeared to split as the
experiment progressed even without the addition of any inhibitors or ionophores.
Examination of attenuation spectra revealed the presence of 3 peaks, located at 530
nm, 570 nm and 620 nm, that correspond to a porphyrin mixture reported to

accumulate in dormant M. smegmatis cells (Nikitushkin et al., 2016) (figure 3.18).
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Figure 3.18: (A) Attenuation spectrum of M. tuberculosis mc?6206 cells recorded
during the experiment shown in figure 3.17B at 0.5 mins. (B) Difference spectrum
produced by subtracting the spectrum in (A) from one recorded at 18 mins in the same
experiment. All attenuation spectra were averaged over a period of 1 min with the

reported timepoint being the centre of the averaged period.

Subtracting a spectrum recorded at the start of the experiment from one recorded at
the end reveals there is a loss of this porphyrin mixture over the course of data
collection, with a decrease in attenuation observed at all 3 wavelengths. The role of
this porphyrin mixture in cells has yet to be uncovered. Subsequent experiments
showed the mixture is not present in an observable quantity in cells at an earlier

growth phase (0.8-1.0), and so it may be produced as part of a stress response upon
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the depletion of certain nutrients in the growth media. This would potentially explain
why a loss of the porphyrins is seen in the bioenergetic chamber, with the
reintroduction of previously depleted nutrients via the wash media resulting in a

reversal of the stress response.

The presence of the porphyrin mixture is undesirable as a change in the concentration
of porphyrins has the potential to obscure or distort changes in the cytochrome
spectra. To solve this issue without compromising the OCR, cells were grown to an
ODegoo of 0.7-1.0 and then a 30 mL sample volume was taken. This sample was washed
and resuspended in 5 mL of resuspension media to achieve a final sample ODeoo > 4.
This protocol generated samples with an OCR between 10-20 pM/min without any
traces of the porphyrin mixture being observed in spectra (figure 3.20 C) and was used

in all subsequent M. tuberculosis mc?>6206 experiments.

Following experiments with BDQ and M. smegmatis, it became clear a cytochrome bd
oxidase knockout strain of M. tuberculosis would be required to see if similar results
could be replicated in a BSL-2 compatible strain of the pathogen. In order to ensure
any differences observed with the cytochrome oxidase bd knockout strain were due
to the absence of the enzyme in question, the knockout used must be derived from
the same strain used for other experiments. A cytochrome bd oxidase knockout strain
of mc?6206 was not available, so the decision was made to switch to using M.
tuberculosis mc26230. The mc26230 strain is similar to the mc26206 strain, having been
derived from H37Rv with well-defined genetic differences: deletion of RD1 and panCD
(Sambandamurthy et al., 2006). These genes are not directly involved in oxidative
phosphorylation and a cytochrome bd oxidase knockout strain of mc?6230 (M.
tuberculosis AcydAB) was readily available, making mc?6230 best suited for
subsequent experiments with the bioenergetic chamber. In experiments with M.
tuberculosis strains mc?6230 and AcydAB, the sample volume taken from culture was

increase to 35 mL to further increase the OCR and intensity of the cytochrome spectra.

3.2.5. Changes in data analysis methodology
The original intention with the bioenergetic chamber was to collect reference spectra

from the mycobacterial supercomplex to replace the modified mitochondrial
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cytochrome fitting used in preliminary experiments. With the topic of BDQ’s
mechanism being so debated, it is imperative to prevent the introduction of any errors
in analysis due to incorrect fitting. Additionally, by collecting these spectra and
determining values for the mid-point potentials of the by and b, cytochromes, it would

enable the determination of AW in live cells.

Equation 3.1 demonstrates the relationship between the redox potentials of the b,

and by cytochromes and AW. AGPL™PH is the Gibbs free energy for electron transfer

from by to by, E-" and E;* are the redox potentials of by and b and B is the fraction
of the dielectric distance of the insulating phase between by and b, (Kim, Ripple and

Springett, 2012).
AGPL=bH — —(E;?H — E;ZL) + LAY (Equation 3.1)

By fully oxidising and fully reducing the b cytochromes in a single experiment with the
bioenergetic chamber and setting these as reference points, it is therefore possible to

use the chamber to observe changes in AW.

Reduction of cytochrome groups in the ETC can be achieved via anoxia and addition
of the reducing agent sodium dithionite. Finding conditions to fully oxidise the
supercomplex cytochromes is more challenging, though in principle can be achieved
by inhibiting complexes earlier in the chain, resulting in oxidation of the MK/MKH;

pool.

The focus of my project was originally on using NMR spectroscopy to study levels of
phosphorylated metabolites in live mycobacteria, as reported in chapter 4, and
applying this to the study of BDQ’s mechanism. The bioenergetic chamber was set up
in early 2021 after my project was started. After preliminary experiments with the
bioenergetic chamber performed by Rowan Walters (PhD student) showed it could be
used with mycobacteria, | also started working with the chamber as a means to study
live cells. The first experiments with CCCP, as well the first titration experiments with
TFPZ and TRZ, were undertaken by Rowan and myself together. The results of these

studies demonstrated the power of the bioenergetic chamber, that it could be used
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to study BDQ’s mechanism, and that the technology was more immediately tractable

that NMR.

Once our initial method of resuspending cells in a buffer solution was established, the
decision was made for Rowan to focus on the biochemistry required to obtain
mycobacterial reference spectra and midpoint potentials. Meanwhile, | continued
performing experiments on live cells, further optimising the protocol for working with
mycobacteria in the bioenergetic chamber and establishing our metabolic “toolkit”,
before conducting experiments with BDQ. This division of labour allowed us both to

have clear and distinct aims and contributions.

Under the growth conditions used, the dominant contributor to the reduction of MK
is NDH-2, thus a selection of NDH-2 inhibitors was examined as a way to oxidise the
supercomplex cytochromes. Table 3.3 contains a full list of all inhibitors examined but
the most promising for this purpose were TRZ and TFPZ. Addition of 360 uM of both
of these compounds to M. smegmatis results in oxidation of the cytochromes over a
period of around 15-20 mins. From the modified mitochondrial fitting, higher
concentrations appeared to oxidise the cytochromes further, but examination of
difference spectra revealed this was due to absorbance of the inhibitors interfering

with the fit.

To test whether this may allow us to measure changes in AW, experiments were
conducted with the established uncoupler CCCP, which should be able to diminish, if
not collapse, AW. TFPZ was selected to oxidise the cytochromes as there were

concerns over TRZ precipitating out of solution at the concentrations used.
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Figure 3.19: Changes in OCR, cytochrome oxidation states and AY measurements in
M. smegmatis mc?155 cells in response to increasing concentrations of CCCP using (A)
TFPZ only or (B) rotenone, 3NP and TFPZ to oxidise the cytochromes to obtain an
oxidised reference point for the AY calculation. Cells were grown in 7H9 media with
Tween 80 (0.05% v/v) and glycerol (50 mM), and were resuspended in 7H9
supplemented with glycerol (50 mM), with the sample in (A) having an ODesoo of 1.8
and the sample in (B) having an ODeggo of 1.6. Arrows with concentrations represent

the time of CCCP additions with the concentration corresponding to the total
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concentration of CCCP in the chamber. Sodium dithionite solution was added until
reduction of the b cytochromes was observed while the concentrations of other

compounds added were as follows: (A,B) 360 uM TFPZ, (B) 5 uM rotenone, 50 uM 3NP.

There is a clear increase in OCR on addition of 1 uM CCCP, along with oxidation of the
cytochrome groups, indicating it displays uncoupling activity at these concentrations
(figure 3.19). Little change is observed in AW as the concentration of CCCP is increased,
which is unexpected even with the errors that may arise from using the modified

mitochondrial fitting and mitochondrial midpoint potentials.

This led to the question of whether the cytochromes were fully oxidised on inhibition
of NDH-2. NDH-1 and SDH are not expected to have a significant contribution towards
to reduction of MK under the growth conditions used. No impact on the cytochromes
or OCR was observed with the addition of the NDH-1 inhibitor rotenone or the SDH
inhibitors 3NP and malonate in glycerol-grown cells when these inhibitors were used

in isolation.

To confirm NDH-1 and SDH were not responsible for incomplete reduction of the
cytochromes on inhibition of NDH-2, a CCCP titration experiment was conducted with
addition of rotenone and 3NP prior to the introduction of TFPZ. Small changes in AW
are observed on addition of 1 uM and 25 uM CCCP, however as these changes do not
follow the same stepwise pattern as the b cytochrome oxidation states with each
addition of CCCP, they still bring into question the accuracy of the measurements and
thus the quality of the oxidised spectrum and cytochrome fitting. Additionally, similar
experiments with CCCP in mitochondria show a much more dramatic decrease in AW

with increasing CCCP concentration.

Developing a mycobacterial cytochrome fitting model proved challenging, with fits of
the b cytochromes using spectra from isolated protein not matching the response
that would be expected on addition of uncouplers/inhibitors to live cells. Therefore,
the decision was made to analyse data using difference spectra to observe changes
in cytochrome oxidation on addition of compounds that target oxidative
phosphorylation rather than fitting the cytochrome peaks (figure 3.20). To ensure

changes in cytochrome oxidation across difference spectra could be easily viewed,
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linear regression analysis was used to subtract baseline shifts from the spectra. This

method does not account for all baseline changes but repeats of experiments

showed it produces consistent results with regards to whether cytochromes reduce

or oxidise and is therefore suitable for this form of qualitative analysis. AW

measurements cannot be attained without cytochrome fitting but it does allow for

comparison of the effects of different inhibitors, uncouplers or ionophores on the

mycobacterial ETC.
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Figure 3.20: The change in presentation of data collected using the bioenergetic

chamber after concluding it would not be possible to acquire adequate mycobacterial

reference spectra for cytochrome fitting, with (A) being the old layout showing

changes in OCR cytochrome oxidation based on fitting to mitochondrial reference

spectra and (B) being the new layout showing changes in OCR along with difference
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spectra. The shaded regions are the time-periods over which attenuation spectra were
averaged. Linear regression analysis was used to fit a flat baseline to difference spectra
which was then subtracted from the spectra to produce those shown in (B) The

example data shown is the same as that in figure 3.19.

3.3. INVESITGATING THE MECHANISM OF BDQ IN M.
SMEGMATIS

3.3.1. The proposed mechanisms of BDQ

Having optimised methods for running and analysing data from the bioenergetic
chamber for work with mycobacteria, they were applied to resolving the mode of
action of BDQ. The proposed ideas of BDQ acting as an ATP synthase inhibitor versus
an uncoupler/ionophore should have opposite effects on the cytochromes contained

in the supercomplex (figure 3.21).

In the case that BDQ is acting as an ATP synthase inhibitor, this should result in an
increase in AW and the resulting backpressure should reduce the activity of the
supercomplex, leading to reduction of the cytochromes. Results obtained with BDQ
should also be similar to those acquired with DCCD. If BDQ is instead acting as an
uncoupler or ionophore then there should be some dissipation of the PMF, along with
an increase in the activity of the supercomplex and oxidation of the cytochromes.
These effects are expected to be larger in the case BDQ is acting as an uncoupler, and
will therefore dissipate both ApH and AW, than if it is acting as an ionophore in which
case there will only be dissipation of ApH. These two modes of action can also be
distinguished between via comparisons with CCCP and nigericin. These experiments
were first conducted in M. smegmatis, both due to its shorter culture time and
because the lab was already in possession of M. smegmatis mutants that could be

used to further probe BDQ's mechansim.
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Figure 3.21: The proposed mechanisms of BDQ and the resulting consequences for the
oxidative phosphorylation system. (A) BDQ acts as an ATP synthase inhibitor by
preventing rotation of the c-ring and therefore blocking the proton channel. (B) BDQ
acts an uncoupler, disrupting the action of ATP synthase and allowing protons to move
freely without any ATP generation. (C) BDQ acts as an ionophore, allowing protons to
move freely into the cytoplasm through ATP synthase without any ATP generation

while potassium ions are transported in the opposite direction.
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3.3.2. Action of BDQ in M. smegmatis

The first step in the process of determining BDQ’s mechanism in live mycobacteria is
to establish BDQ's effects in M. smegmatis WT versus a control (figure 3.22). A BDQ
concentration of 30 nM, roughly 2.4x the MIC (12.6 nM) (Andres et al., 2005), was
selected as no further changes in cytochrome oxidation state or increase in OCR are
observed at higher concentrations. Ethanol was chosen as the solvent for BDQ due to

concerns the presence of DMSO may impact the ETC, and was therefore selected as

the control.
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Figure 3.22: Changes in OCR and cytochrome oxidation state on addition of BDQ to M.
smegmatis WT versus ethanol-only controls. (A) OCR trace showing changes on
addition of 10 uL ethanol. (B) Difference spectra were acquired by subtracting spectra
averaged over the two shaded regions in (A). (C) OCR trace showing changes on
addition of 30 nM BDQ. (D) Difference spectrum acquired by subtracting spectra
averaged over the two shaded regions in (C). (E) Mean percentage change in OCR 3
mins after the addition of ethanol or 30 nM BDQ, with the grey diamonds representing
individual datapoints and the error bars showing standard error. Cells were grown in
7H9 supplemented with Tween 80 (0.05 % v/v) and glycerol (50 mM), and were
resuspended in 7H9 supplemented with 50 mM glycerol. The ODsoo of each sample was
(A,B) 1.6 or (C,D) 1.4.
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On addition of BDQ to M. smegmatis WT there is an immediate increase in oxygen
consumption along with reduction of the b (peak at 563.5 nm) and c (peak at 552 nm)
cytochromes. Reduction of these cytochromes matches the predictions of BDQ acting
as an ATP synthase inhibitor, however the OCR increase does not match findings with
ATP synthase inhibitors in mitochondrial systems, where a decrease in OCR is
observed. In the ethanol control run there is little change in cytochrome oxidation
state, however there is a gradual increase in OCR. This is likely due to cell growth

occurring while the sample is in the chamber.

Each experiment was repeated two more times and the direction of the change in
cytochrome oxidation was found to be consistent across all repeats with only small
differences in peak magnitude. There was some variation in starting OCRs between
samples so to compare changes in OCR, the percentage change was determined.
Although the rate of change in OCR seen with BDQ is much more rapid versus that
with ethanol, comparison of the mean percentage change after 3 mins shows the
increase with BDQ_ is only slightly larger, with some datapoints overlapping. Some of
the previously reported increases in OCR on addition of BDQ were recorded in M.
tuberculosis (Lamprecht et al., 2016), so it is possible the modest increase in M.

smegmatis is due to a difference in the composition of ETC between the two species.

The next step in solving BDQ’s mode of action is to confirm whether the changes
observed in the WT are dependent on the binding of BDQ to ATP synthase. As
mutations in the c-ring are associated with BDQ resistance, if any of the same changes
at nanomolar concentrations are observed in M. smegmatis AtpEP3?V as in the WT,
then it suggests they are not related to BDQ’s bacteriostatic effects. To verify the
AtpEP3?V strain has the expected mutation and properties, experiments adding
increasing concentrations of BDQ to WT and AtpEP3?V strains were performed (figure
3.23). As the point mutation in the AtpEP3?V strain should reduce BDQ’s ability to bind
to the c-ring but not prevent binding entirely, it is expected any changes related to
BDQ's ability to bind to ATP synthase should increase with BDQ concentration in a

dose dependent manner.
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Figure 3.23: Changes in OCR and cytochrome oxidation state on addition of BDQ to M.
smegmatis (A,B) WT and (D,E) AtpEP32", (C) Mean percentage change in OCR 3 mins
after the addition of each concentration of BDQ relative to the OCR before any BDQ
addition, with the grey diamonds representing individual datapoints and the error bars
showing standard error. Difference spectra in (B,E) were acquired by subtracting
spectra averaged over the labelled shaded regions in (A,D) respectively. Arrows
represent the time of additions, with concentrations corresponding to the total
concentration of BDQ in the chamber following each addition. Cells were grown in 7H9
media with Tween 80 (0.05% v/v) and glycerol (50 mM), and were resuspended in 7H9
supplemented with glycerol (50 mM) and D-arabinose (5 mM). The ODgoo values of all

samples were between 1.2-1.7.

There is notable variation in the changes in OCR between repeats with the WT strain,

however all three sets of data show a similar trend where a small initial increase in
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OCR is observed followed by a decrease upon further additions of BDQ. As BDQ has a
delayed bactericidal effect, this decrease is not likely to be due to cell death caused
by BDQ. If BDQ is acting as an ATP synthase inhibitor, then it is possible the mechanism
M. smegmatis cells use to alleviate backpressure and increase their OCR is not
sufficient to cope with any further inhibition of ATP synthase on the addition of more
BDQ. The same level of reduction of the cytochromes is observed at all three

concentrations and this is consistent across all experiments.

In the AtpEP3?V strain a small increase in OCR occurs on addition of 30 nM BDQ,
however this is not dissimilar to the increase seen with ethanol controls and no clear
peaks are visible in the difference spectrum. As the concentration of BDQ is increased,
a further increase in OCR is observed along the emergence of a b cytochrome peak
and a small ¢ cytochrome peak, showing the cytochromes are reducing. These results
demonstrate that the AtpEP3?V strain is resistant to BDQ, but some BDQ binding does
occur at higher concentrations. The reduction of the cytochromes observed in the WT
is dependent on BDQ binding to ATP synthase. Conclusions about changes in OCR are
harder to draw due to the small changes in the WT however the clear increase
between 30 nM and 300 nM in the AtpEP32V strain suggest this increase is also due to

BDQ binding to the ATP synthase enzyme.

3.3.3. Comparisons with CCCP, nigericin and DCCD

To investigate the disparity between the predicted effects of an ATP inhibitor versus
an uncoupler and those observed with BDQ, the data collected were compared with
those obtained using compounds with clearly understood mechanisms (figure 3.24).
Addition of 1-5 uM of the protonophore CCCP to M. smegmatis WT results in a sharp
increase in OCR, with the average increase at 5 UM being over 4-fold higher than that
observed with BDQ. This is accompanied by oxidation of the b cytochromes,

demonstrating CCCP does not have the same impact on the ETC as BDQ.

Results obtained with nigericin also do not match those obtained with BDQ and
further showcase that dissipation of the PMF results in oxidation of the b and ¢

cytochromes rather than the reduction observed with BDQ. Additionally, the recovery
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of OCR and cytochrome oxidation states back towards those observed under steady

state conditions is unlike any effects observed with BDQ.
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Figure 3.24: Changes in OCR and cytochrome oxidation state on the addition of (A,B)
CCCP, (C,D) DCCD or (E,F) nigericin to M. smegmatis WT. (G) Mean percentage change
in OCR 3 mins after the addition of each compound relative to the OCR before any
additions, with the grey diamonds representing individual datapoints and the error
bars showing standard error. The BDQ data shown is the same as in figure 3.25 and

panels (C,D) show data from the same experiment as in figure 3.16. Difference spectra
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in (B,D,F) were acquired by subtracting spectra averaged over the labelled shaded
regions in (A,CE) respectively. Arrows represent the time of additions, with
concentrations corresponding to the total concentration of the relevant compound in
the chamber following each addition. Cells were grown in 7H9 media with Tween 80
(0.05% v/v) and glycerol (50 mM), and were resuspended in 7H9 supplemented with
glycerol (50 mM). The ODsoo values of all samples were between 1.1-1.6.

Relative to the ethanol control, there is no significant change in OCR on addition of
DCCD to M. smegmatis WT but there is reduction of the b and ¢ cytochromes. These
effects are similar to those of BDQ and indicate BDQ is acting as a direct inhibitor of
ATP synthase like DCCD. The lack of increase in OCR and smaller changes in
cytochrome oxidation state can be explained by DCCD being a less specific inhibitor
than BDQ. The lack of a drop in OCR on DCCD addition suggests mycobacteria do not
respond to ATP synthase inhibition in the same manner as mitochondria. To

conclusively prove BDQ’'s mode of action, this phenomenon needs to be explained.

3.3.4. BDQ and cytochrome bd oxidase

Of the two terminal oxidases in the mycobacterial ETC, the bcc:aas supercomplex is
proton-pumping while cytochrome bd oxidase is not, meaning it contributes less to
the PMF. It was theorised that the OCR increase seen with BDQ may be due to cells
increasing the activity of cytochrome bd oxidase as a means of limiting build-up of the

PMF on inhibition of ATP synthase, allowing cells to maintain vital redox ratios.

To test this, the experiments performed with M. smegmatis WT were repeated using
the cytochrome bd oxidase knockout strain (AcydAB) (figure 3.25). Treating this strain
with BDQ results in similar cytochrome changes as those observed in WT cells,
accompanied by a sharp drop in OCR that was consistent across all replicates. This
supports the theory that cytochrome bd oxidase is responsible for the increase in OCR
on addition of BDQ to WT cells and that by rerouting electrons to cytochrome bd
oxidase, these cells are able to alleviate backpressure. AcydAB cells are not able to
perform this redirection of electron flow and the resulting backpressure results in a
decrease in activity of the supercomplex and thus a drop in OCR. This observation also

explains why only a moderate OCR increase is observed in experiments with M.
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smegmatis, as under the growth conditions used, there should be little cytochrome

bd oxidase present.
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Figure 3.25: (A,B) Changes in OCR and cytochrome oxidation state on the addition of
30 nM BDQ to M. smegmatis WT and AcydAB. (C) Mean percentage change in OCR 3
mins after the addition of BDQ relative to the OCR before addition, with the grey
diamonds representing individual datapoints and the error bars showing standard
error. The WT data shown is the same as in figure 3.22 and is included for comparison
purposes. Difference spectra in (B) were acquired by subtracting spectra averaged over
the labelled shaded regions in (A). Arrows represent the time of BDQ addition. Cells
were grown in 7H9 media with Tween 80 (0.05% v/v) and glycerol (50 mM), and were
resuspended in 7H9 supplemented with glycerol (50 mM). The ODesoo of the WT sample
was 1.6 and the ODgoo of the AcydAB sample was 1.3.

Experiments looking at the impact of cytochrome bd oxidase on BDQ’s activity have
previously been performed in M. tuberculosis, however rather than lacking the cydAB
genes, the cytochrome bd oxidase mutant generated was missing the ends of the cydB
and cydC genes and all of the cydD gene (cydKO) (Arora et al., 2014). cydDC encodes
an ABC transporter, which in E. coli has been theorised to have a role in cytochrome
biogenesis but this has not yet been shown in mycobacteria (Aung, Berney and Cook,

2014; Shepherd, 2015). Treatment of this mutant with BDQ had the same effects as in
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M. tuberculosis H37Rv, i.e. an increase in OCR was observed (Lamprecht et al., 2016).
The disparity between this and the results with M. smegmatis AcydAB is likely due to
the incomplete deletion in the cydKO mutant meaning there is still some cytochrome

bd oxidase present.

To confirm these results are not due to an unusual response to uncoupling or
dissipation of ApH in the AcydAB strain, experiments with CCCP and nigericin were
repeated with this strain figure 3.26. The changes in OCR and cytochrome oxidation
seen on the addition of increasing concentrations of CCCP closely match those
observed in the WT. In the case of nigericin, the initial oxidation of the b and ¢
cytochromes followed by a period of recovery to steady state conditions also matches
observations made in the WT. The recovery of OCR in AcydAB cells is faster than that
in WT cells (approximately 6 mins in AcydAB versus 15 mins in WT). This may be due
to cells altering the levels of ion transporters in their cell membranes in response to
the absence of cytochrome bd oxidase, allowing them to offset the effects of nigericin

more rapidly than WT cells.
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Figure 3.26: Changes in OCR and cytochrome oxidation state on the addition of (A,B)
CCCP or (C,D) nigericin to M. smegmatis AcydAB. Difference spectra in (B,D) were
acquired by subtracting spectra averaged over the labelled shaded regions in (A,C)

respectively. Arrows represent the time of additions, with concentrations
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corresponding to the total concentration of the relevant compound in the chamber
following each addition. Cells were grown in 7H9 media with Tween 80 (0.05% v/v)
and glycerol (50 mM), and were resuspended in 7H9 supplemented with 50 mM
glycerol. The ODgoo of each sample was (A,B) 1.5 or (C,D) 1.6.

Neither of these sets of results matches those observed with BDQ, discounting the
possibility that the AcydAB simply behaves differently to the WT in response to the
addition of an uncoupler or proton/potassium ionophore. This lends more evidence
to BDQ acting as a direct inhibitor of ATP synthase, with cytochrome bd oxidase

effectively acting as a relief valve to reduce the impacts of backpressure on the cell.
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Figure 3.27: Changes in OCR and cytochrome oxidation state on the addition of (A,B)
BDQor (C,D) CCCP to M. smegmatis AqgcrCAB. Difference spectra in (B,D) were acquired
by subtracting spectra averaged over the labelled shaded regions in (A,C) respectively.
Arrows represent the time of additions, with concentrations corresponding to the total
concentration of the relevant compound in the chamber following each addition. Cells
were grown in 7H9 media with Tween 80 (0.05% v/v) and glycerol (50 mM), and were
resuspended in 7H9 supplemented with glycerol (50 mM). The ODesoo of each sample
was (A,B) 1.7 or (C,D) 1.6.
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To further demonstrate this, an experiment was conducted where BDQ was added to
M. smegmatis AqcrCAB cells which lack a functioning supercomplex. The expectation
was that no increase in OCR should be observed with BDQ as all electrons should
already be running through cytochrome bd oxidase and so no rerouting to the enzyme

could occur and this is indeed what was observed (figure 3.27).

For comparison AgcrCAB cells were also treated with CCCP. Unlike in WT cells, no
increase in OCR occurs on addition of 1 WM CCCP. This is because the OCR increase in
the WT strain is due to an increase in activity of the supercomplex as the cell attempts
to counteract the effects of the uncoupler on the PMF, which cannot occur in AqcrCAB
cells. The drop in OCR occurring at a lower concentration is similarly due to cells being
unable to compensate for the impact of CCCP due to the lowered proton-pumping

capacity of the ETC, leading to disruption of PMF-linked processes.

The cytochrome spectra in both sets of AqcrCAB experiments do not resemble those
recorded with the WT, as cytochromes in the supercomplex are the main contributors
to these spectra, while cytochrome bd oxidase cytochromes will be the main
contributors in AgcrCAB experiments. Interestingly, BDQ and CCCP seem to have
opposite effects on these cytochromes than those seen with cytochromes belonging
to the supercomplex. When BDQ is added to AgcrCAB cells, a small dip at 558 nm is
seen in the difference spectra reflecting oxidation of the b cytochromes contained in
cytochrome bd oxidase. On addition of CCCP to cells, an increase in attenuation is
observed at this wavelength, showing the b cytochromes are reducing. To better
understand this phenomenon, further study and reference spectra of cytochrome bd
oxidase are required. For the sake of studying BDQ’s mechanism, these data support
the conclusion of cytochrome bd oxidase activity being responsible for the OCR
increase observed with BDQ in the WT and that BDQ and CCCP have distinctly different

mechanisms.
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3.4. BDQ AND M. TUBERCULOSIS

3.4.1. Action of BDQ in M. tuberculosis

In order to study BDQ’s mechanism in BSL-2 compatible M. tuberculosis, an
appropriate concentration of BDQ to use in these experiments had to be found. Using
the same concentration as for M. smegmatis (30 nM), results in no notable change in
OCR or cytochrome oxidation state (figure 3.28). This is likely because the MIC of BDQ
is higher in M. tuberculosis versus M. smegmatis (54 nM compared to 12.6 nM)
(Andries et al., 2005). There is a slight increase in OCR when the total concentration
of BDQ in the chamber is brought up to 60 nM and peaks from the b and ¢ cytochromes
appear in the difference spectrum. These effects increase in magnitude with further

additions of BDQ.
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Figure 3.28: Changes in OCR and cytochrome oxidation state on the addition of BDQ
to M. tuberculosis mc?6206. Difference spectra in (B) were acquired by subtracting
spectra averaged over the labelled shaded regions in (A). Arrows represent the time of
additions, with concentrations corresponding to the total concentration of the BDQ in
the chamber following each addition. Cells were grown in 7H9 supplemented with
Tween 80 (0.05% v/v), glycerol (55 mM), Middlebrook OADC (10% v/v), pantothenate

(48 ug/mlL) and leucine (0.5 mg/mL) and were washed and resuspended in growth
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media excluding Tween 80 and OADC. The ODsoo of the sample in the chamber was
4.8.

120 nM was selected as the best concentration for future experiments as at this
concentration there are clear changes in the OCR and cytochrome oxidation states.
Greater effects are observed with 1.5 uM BDQ but as BDQ has been theorised to have
different effects on cells at nanomolar versus micromolar concentrations (Guo et al.,
2021), it was desirable to perform initial experiments using nanomolar concentrations
of BDQ that are closer to the MIC before examining the impacts of micromolar
concentrations of BDQ. Additionally, by selecting a concentration close to the MIC,
BDQ is less likely to display off-target effects which may confuse the interpretation of

results.

After this initial experiment, the switch to using M. tuberculosis mc?6230 was made
so the results could be compared to those obtained with the available cytochrome bd
oxidase knockout strain, M. tuberculosis AcydAB. Versus ethanol controls, addition of
120 nM BDQ to mc?6230 cells results in a gradual increase in OCR and reduction of the
b and ¢ cytochromes (figure 3.29). This is similar to the effects observed in M.
smegmatis WT, with the prolonged response time possibly being a result of there

being a lower electron flux through the ETC in the slower-growing M. tuberculosis.

The increase in OCR is ultimately larger in M. tuberculosis, which is likely due to there
being a larger proportion of cytochrome bd oxidase in the ETC than there is in M.
smegmatis WT under the growth conditions used. Unlike in M. smegmatis, a small
decrease in OCR is observed with mc26230 ethanol controls rather than an increase.
This can be explained by M. tuberculosis cells’ longer doubling time meaning there is
little to no cell growth over the course of the experiment, with the decrease possibly

being related to the lack of OADC in the resuspension media.
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Figure 3.29: Changes in OCR and cytochrome oxidation state on addition of BDQ to M.
tuberculosis mc?6230 versus ethanol-only controls. Difference spectra in (B,D) were
acquired by subtracting spectra averaged over the labelled shaded regions in (A,C)
respectively. (E) Mean percentage change in OCR 10 mins after the addition of ethanol
or 120 nM BDQ, with the grey diamonds representing individual datapoints and the
error bars showing standard error. Cells were in grown in 7H9 supplemented with
Tween 80 (0.05% v/v), glycerol (55 mM), Middlebrook OADC (10% v/v) and
pantothenate (48 ug/mL) and were resuspended in 7H9 supplemented with glycerol
(55 mM) and pantothenate (48 ug/mL). The ODsoo of samples in (A,B,C,D) was 5.6.

Having shown BDQ displays similar effects in both species, the next stage of
demonstrating BDQ’s mechanism in M. tuberculosis is to compare its effects with
those of CCCP, nigericin and DCCD (figure 3.30). Much like in M. smegmatis WT, CCCP
and nigericin have different effects to BDQ, however there are some differences

between the effects of each compound on the two species.

Early experiments with CCCP in the mc26206 strain showed little change on the
addition of 1 uM to M. tuberculosis cells, so only the two higher concentrations used
in experiments with M. smegmatis were added to samples of mc?6320. The impact of

CCCP on OCR in M. tuberculosis mc?6320 is very similar to the results obtained with
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M. smegmatis WT; a sharp increase is observed with 5 uM which then drops when the

concentration of CCCP is raised to 25 pM.
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Figure 3.30: Changes in OCR and cytochrome oxidation state on the addition of (A,B)
CCCP, (C,D) DCCD or (E,F) nigericin to M. tuberculosis mc?6320. (G) Mean percentage
change in OCR 10 mins after the addition of each compound relative to the OCR before
any additions, with the grey diamonds representing individual datapoints and the error
bars showing standard error. The ethanol and BDQ data shown is the same as in figure

3.32 and is repeated here for comparison. Difference spectra in (B,D,F) were acquired
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by subtracting spectra averaged over the labelled shaded regions in (A,CE)
respectively. Arrows represent the time of additions, with concentrations
corresponding to the total concentration of the relevant compound in the chamber
following each addition. Cells were in grown in 7H9 supplemented with Tween 80
(0.05% v/v), glycerol (55 mM), Middlebrook OADC (10% v/v) and pantothenate (48
ug/mL) and were resuspended in 7H9 supplemented with glycerol (55 mM) and

pantothenate (48 ug/mL).The ODsoo values of all samples were between 4.9-7.7.

There is a notable difference in how CCCP affects cytochrome oxidation state in the
two species. In M. smegmatis WT the b and c¢ cytochromes oxidise at both
concentrations, while in M. tuberculosis, the b cytochromes appear to reduce on
addition of 5 uM CCCP while the ¢ cytochromes oxidise as the CCCP concentration is
increased. The reason for this difference is likely due to the ETC in each species having
slightly different compositions. The changes in the b cytochromes in M. tuberculosis
are more similar to those observed in M. smegmatis AqcrCAB, which may be due to
higher amounts of cytochrome bd oxidase being present in M. tuberculosis mc?6320

compared to M. smegmatis WT.

Addition of 1 uM nigericin to M. tuberculosis mc?6320 leads to a rapid drop in OCR
which is followed by a gradual increase before the OCR plateaus at around 80-85% of
the original OCR. This incomplete recovery suggests M. tuberculosis is more
susceptible to the effects of nigericin. Combined with the observations in M.
smegmatis WT and AcydAB, there appears to be an inverse correlation between the
amount of cytochrome bd oxidase in the ETC and how quickly/well cells are able offset
the effects of nigericin. The precise mechanisms behind this, i.e. whether the better
recovery is due to the increased activity of the supercomplex when there is little to no
cytochrome bd oxidase or whether certain ion transporters are
upregulated/downregulated depending on how much cytochrome bd oxidase is

present, is unclear and requires further study.

There is a large difference in the changes in cytochrome oxidation state on the
addition of nigericin between M. smegmatis and M. tuberculosis, with the c¢

cytochromes in M. tuberculosis mc?6320 reducing compared to the oxidation
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observed in M. smegmatis. Similar to the differences in cytochrome oxidation
between the two species seen with CCCP, this is likely due to different proportions of
enzymes being present in the membranes of the two species. Despite these
differences, it is clear neither compound has the same effects as BDQ in M.

tuberculosis.

70 uM DCCD was found to be the highest concentration that can be added to M.
tuberculosis before a sharp drop in OCR is observed, showing off-target effects occur
at higher concentrations. When 70 uM DCCD is added to M. tuberculosis mc?6320,
there is a gradual reduction of the b and ¢ cytochromes, similar to the effects seen
with BDQ. The two compounds appear to have different effects on the OCR however,
with there being a decrease in OCR after addition of DCCD, followed by an increase
that peaks around 20-23 mins after addition before the OCR starts to decrease again.
The increase in OCR around 20 mins is not seen in ethanol controls and is consistently
observed in experiments with DCCD, showing it is a delayed effect of adding DCCD.
The reasons behind this may be related to DCCD’s lack of specificity as an ATP synthase
inhibitor combined with lower electron flux through the ETC in M. tuberculosis

compared to M. smegmatis.

Although the impact of DCCD on M. tuberculosis is not identical to that of BDQ, the
two still demonstrate more similar effects on the oxidative phosphorylation system
compared to CCCP and nigericin, giving further evidence that BDQ acts as a direct
inhibitor of ATP synthase in M. smegmatis and M. tuberculosis. These results also
highlight the difficulty of not having an established ATP synthase inhibitor in

mycobacteria with a higher specificity than DCCD with which to compare BDQ to.

3.4.2. Effects of BDQ in M. tuberculosis AcydAB

If the OCR increase observed with BDQ in M. tuberculosis is due to increased activity
of cytochrome bd oxidase, then addition of BDQ to M. tuberculosis AcydAB should
have similar effects to those observed with M. smegmatis AcydAB. When 120 nM BDQ
is added to M. tuberculosis AcydAB, there is the same reduction of the b and ¢
cytochromes as is seen with the mc26320 strain, however there is not a sharp drop in

OCR (figure 3.31). Overall, a gradual increase in OCR is observed, although in one
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repeat this was preceded by an initial decrease over the first 10 mins following the
addition of BDQ. Despite the variation between repeats, the increase in OCR in M.
tuberculosis AcydAB is consistently lower than that observed in mc26320 cells over the

30-min course of the experiment.
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Figure 3.31: (A,B) Changes in OCR and cytochrome oxidation state on the addition of
120 nM BDQ to M. tuberculosis mc?6230 and AcydAB. (C) Mean percentage change in
OCR 10 mins after the addition of BDQ relative to the OCR before addition, with the
grey diamonds representing individual datapoints and the error bars showing standard
error. The mc?6230 data shown is the same as in figure 3.32 and is included for
comparison purposes. Difference spectra in (B) were acquired by subtracting spectra
averaged over the labelled shaded regions in (A). Arrows represent the time of BDQ
addition. Cells were in grown in 7H9 supplemented with Tween 80 (0.05% v/v), glycerol
(55 mM), Middlebrook OADC (10% v/v) and pantothenate (48 ug/mL) and were
resuspended in 7H9 supplemented with glycerol (55 mM) and pantothenate (48
ug/mL). The ODgoo of the mc?6230 sample was 5.6 and the ODgoo of the AcydAB sample

was 4.9.

These results demonstrate cytochrome bd oxidase is partially responsible for the OCR

increase observed with BDQ in mc?6320 cells, however the lack of a significant
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decrease demonstrates the differences in response to BDQ between M. smegmatis
and M. tuberculosis. There are a couple of possible explanations for this, with one
being that the lower electron flux through the M. tuberculosis ETC makes it less
susceptible to immediate backpressure on inhibition of ATP synthase. Alternatively,
M. tuberculosis may have other mechanisms to limit a build-up of the PMF that are
not present in M. smegmatis, with one possibility being increased or different ion

transporters.

Another possibility is that there is more NDH-1 present in M. tuberculosis cells
compared to M. smegmatis, a theory that is supported by the finding that slow
growing M. bovis BCG has a lower ratio of NDH-2 to NDH-1 activity compared to M.
smegmatis (Vilchéze et al., 2005). If this is the case, then M. tuberculosis is able to
further limit the impact of backpressure on the oxidative phosphorylation system by
routing electrons through NDH-2 instead of NDH-1, while in M. smegmatis the flux
through NDH-1 is already so low, routing electrons away from the complex has little
effect compared with the activation of cytochrome bd oxidase. This theory could be
tested by treating M. tuberculosis AcydAB cells with an NDH-1 inhibitor prior to the
addition of BDQ, however this would require the NDH-1 inhibitor to have no off-target
effects in M. tuberculosis. A double knockout strain of M. tuberculosis lacking the
genes for NDH-1 and cytochrome bd oxidase could also be used to study this idea

providing such a strain proved viable.

To further distinguish the activity of BDQ from CCCP and nigericin, experiments using
these compounds were performed with M. tuberculosis AcydAB, along with DCCD
(figure 3.32). Overall CCCP has similar effects in both mc?6320 and AcydAB, with there
being some difference in the magnitude of the OCR changes, however as there is some
variation within the results obtained with each strain, this is not indicative of a
noteworthy difference between how the strains respond to uncoupling. As the
difference spectra are similar in both strains, the presence of more cytochrome bd
oxidase does not appear to be the cause of the differences between changes in

spectra on CCCP addition between M. smegmatis and M. tuberculosis.
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Similar to the observations made in M. smegmatis, deletion of the cydAB genes in M.
tuberculosis appears to aid the recovery of the bacteria towards steady state
conditions following the addition of nigericin. The OCR returns to that before the
introduction of nigericin after a period of around 25 mins, however little change is
observed in the cytochrome spectra. The sharp peak at 552 nm shows the reduction
of the ¢ cytochromes, although without the ability to fit spectra, it is difficult to
determine whether this reduction is of a similar magnitude to that observed in

mc26320.

When DCCD is added to the M. tuberculosis AcydAB, changes in cytochrome oxidation
are similar to those in mc26230. The change in OCR follows a similar pattern, with an
initial decrease followed by a gradual increase and subsequent decrease, however in
AcydAB the peak in OCR occurs later (around 33 mins after addition versus around 23
mins in mc?6230) and is larger, with these differences being consistent across repeats.
That an OCR increase is observed is not surprising given the increase seen with BDQ
and DCCD’s poorer selectivity for ATP synthase, with the later peak indicating some of
the increase seen in mc?6230 may be due to the activation of cytochrome bd oxidase,
The other mechanisms responsible for reducing the impact of backpressure on the
system may have a slower activation period while the larger increase in OCR might be
due to the components required for these mechanisms, be they ion transports or

NDH-2, being upregulated in the absence of cytochrome bd oxidase.
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Figure 3.32: Changes in OCR and cytochrome oxidation state on the addition of (A,B)
CCCP, (C,D) DCCD or (E,F) nigericin to M. tuberculosis AcydAB. (G) Mean percentage
change in OCR 10 mins after the addition of each compound relative to the OCR before
any additions, with the grey diamonds representing individual datapoint and the error
bars showing standard error. Difference spectra in (B,D,F) were acquired by
subtracting spectra averaged over the labelled shaded regions in (A,C,E) respectively.
Arrows represent the time of additions, with concentrations corresponding to the total

concentration of the relevant compound in the chamber following each addition. Cells
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were in grown in 7H9 supplemented with Tween 80 (0.05% v/v), glycerol (55 mM),
Middlebrook OADC (10% v/v) and pantothenate (48 ug/mL) and were resuspended in
7H9 supplemented with glycerol (55 mM) and pantothenate (48 ug/mL). The ODgoo

values of all samples were between 4.9-5.6.

Overall, these results demonstrate that while there are differences between the
responses of M. smegmatis and M. tuberculosis to compounds that affect the
oxidative phosphorylation system, BDQ appears to act via the same mechanism in
both, i.e. direct inhibition of ATP synthase. The reasons for the OCR increase in M.
tuberculosis AcydAB seen with both BDQ and DCCD should be explored further to see
if the mechanisms behind this increase can be inhibited to increase BDQ’s killing

effect.

3.5. EXPLORING WHETHER BDQ’S MECHANISM IS
CONCENTRATION DEPENDENT

Having established BDQ’'s mechanism at nanomolar concentration, the question of
whether BDQ has a different dominant mode of action at micromolar concentrations,
as has been proposed in the literature (Guo et al., 2021; Courbon et al., 2023), needs
to be studied. To test this, the experiments with BDQ were repeated, this time using
a concentration of 10 uM, in M. smegmatis WT and AcydAB along with M. tuberculosis
mc?6320 and AcydAB (figure 3.33). The cytochrome bd oxidase knockout strains were
included as if BDQ does show protonophore activity at micromolar concentrations,
then it should have similar effects to CCCP, i.e. an OCR increase should occur
regardless of the presence of cytochrome bd oxidase, in addition to different changes
in cytochrome spectra being observed. In the event BDQ acts a proton/potassium
ionophore at higher concentrations, then similar effects to nigericin should be

observed across all strains.

There is very little difference between the effects seen with the two concentrations in
both M. smegmatis strains. This indicates BDQ is acting predominantly as a direct ATP

synthase inhibitor at both nanomolar and micromolar concentrations.
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Figure 3.33: Changes in OCR and cytochrome oxidation state on the addition of
nanomolar and micromolar amounts of BDQ to (A,B) M. smegmatis WT, (C,D) M.
tuberculosis AcydAB, (E,F) M. smegmatis AcydAB and (H,1) M. tuberculosis mc?6320.
(G) Mean percentage change in OCR 3 mins after the addition of BDQ to M. smegmatis
and 10 mins after the addition of BDQ to M. tuberculosis relative to the OCR before
addition, with the grey diamonds representing individual datapoints datapoint and the
error bars showing standard error. The nanomolar concentration data shown is the
same as in chapters 3.3 and 3.4 and is included for comparison purposes. Difference

spectra in (B, D, F, H) were acquired by subtracting spectra averaged over the labelled
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shaded regions in (A, C, E, 1) respectively. Arrows represent the time of BDQ addition.
M. smegmatis cells were grown in 7H9 supplemented with Tween 80 (0.05% v/v) and
glycerol (50 mM) and were resuspended in 7H9 supplemented with glycerol (50 mM).
M. tuberculosis cells were in grown in 7H9 supplemented with Tween 80 (0.05% v/v),
glycerol (55 mM), Middlebrook OADC (10% v/v) and pantothenate (48 ug/mL) and
were resuspended in 7H9 supplemented with glycerol (55 mM) and pantothenate (48
1g/mL).The ODsoo of M. smegmatis samples was between 0.9-1.9 and the ODesgo of M.

tuberculosis samples was between 4.9-7.0.

In M. tuberculosis mc?6230, BDQ's effects on cells occur more rapidly with 10 uM
compared to the 120 nM dose, with the sharper increase in OCR being more similar
to the increase seen with CCCP. However, the clear reduction of both the b and ¢
cytochromes shows this sharper increase is not due to BDQ uncoupling the oxidative
phosphorylation system. Instead, these faster changes at a higher concentration may
be due to more BDQ being able to initially diffuse through the cell wall and bind to
ATP synthase.

When 10 uM BDQ is added to M. tuberculosis AcydAB, much like in mc?6230, a more
rapid reduction of the b and c cytochromes is observed. This is accompanied by a drop
in OCR which is not seen at 120 nM, although the percentage decrease is still less than
that in M. smegmatis. These results, combined with those in mc?6230, suggest
cytochrome bd oxidase contributes significantly to the OCR increase observed in M.
tuberculosis cells containing the enzyme on exposure to BDQ. At nanomolar
concentrations, the lower respiratory rate of M. tuberculosis compared to M.
smegmatis combined with less BDQ being available to immediately bind to ATP
synthase means cells are not as affected by backpressure. When the concentration of
BDQ is increased, complete inhibition of ATP synthase can occur immediately, and

thus the activity of cytochrome bd oxidase is increased rapidly in response.

All of these results demonstrate BDQ’s dominant mode of action is direct inhibition of
ATP synthase, independent of concentration. As there is no evidence of the

cytochromes oxidising when micromolar concentrations of BDQ are added to cells, if
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BDQ is able to act as a protonophore or ionophore, this activity is not the major

contributor to its bacteriostatic or bactericidal effects.

3.6. BDQ AND CFZ

BDQ acting as an ATP synthase inhibitor rather than an uncoupler has a number of
implications for the cell. One of these is that the cytoplasm of the cell should become
a more reducing environment. To further support the conclusion about BDQ's mode

of action, a way to measure this effect was sought.

One potential option is using the bioenergetic chamber to monitor changes in the
absorbance of the redox cycling CFZ. CFZ’s strong absorbance at 495 nm in its
monoprotonated form means its impact on cytochromes cannot easily be studied
using the bioenergetic chamber, however it is possible to measure the absorbance of
CFZ itself. CFZ loses its absorbance when reduced (Yan et al., 2011) and so it was
theorised that when the environment of the cell becomes more reducing, i.e. on the
addition of BDQ, a drop in the absorbance of CFZ would be observed. A further reason
for using CFZ is that it has been shown to be synergistic with BDQ against M.
tuberculosis (Cokol et al.,, 2017). If BDQ increases the level of CFZ reduction, and
therefore the production reactive oxygen species, this provides a possible explanation
for this observation and highlights redox cycling compounds as good candidates for

future drug combinations with BDQ.

To test this hypothesis, experiments were run comparing the change in absorbance of
CFZ over time with and without the addition of 30 nM BDQ in M. smegmatis WT (figure
3.34). A concentration of 750 nM CFZ was chosen to ensure the contribution of peaks

due to changes in cytochrome oxidation state would be comparatively small.

Comparing the two sets of results, a smaller CFZ peak is observed in the presence of
30 nM BDQ and this appears to decrease further over time, indicating more reduction
of CFZ. This observation supports the use of CFZ as a possible method for examining
BDQ’s effects on reductive stress in cells, however it is complicated by a possible

baseline shift occurring, given the changes in attenuation at the higher wavelength
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end of the spectra where CFZ should not absorb. This may be a result of CFZ

precipitating out of solution and affecting the scatter of light in the chamber.
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Figure 3.34: Changes in Aattenuation over time when CFZ is added to M. smegmatis
WT cells (A) in the absence of BDQ and (B) in the presence of 30 nM BDQ. Difference
spectra were acquired by averaging spectra over a period of 1 min at the relevant time
points and subtracting a spectrum recorded before CFZ (and BDQ) were added. M.
smegmatis cells were grown in 7H9 supplemented with Tween 80 (0.05% v/v) and
glycerol (50 mM) and were resuspended in 7H9 supplemented with glycerol (50 mM).
The ODegoo of each sample was (A) 1.6 or (B) 1.2.

Another study was performed, this time using a lower concentration of CFZ to prevent
possible precipitation from impacting the difference spectra (figure 3.35). As the
change observed in CFZ absorbance with BDQ appears to be immediate, the
procedure was also modified to compare the absorbance of CFZ with and without BDQ
to the reduced conditions induced by the addition of potassium cyanide and sodium

dithionite.

Unfortunately, between these sets of experiments, the bioenergetic chamber
developed a fault with its wide-range CCD, meaning data could only be collected using
the narrow-range CCD. The grating of the narrow-range CCD can be altered to record

over a wider wavelength but only noise is recorded at any wavelength below 502 nm,



thus the chamber was no longer able to record the absorbance of CFZ at its peak

wavelength.
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Figure 3.35: Changes in Aattenuation on addition of CFZ to M. smegmatis WT cells,
followed by additions of BDQ, potassium cyanide and sodium dithionite. Difference
spectra were acquired by averaging spectra over a period of 1 min at the relevant time
points and subtracting a spectrum recorded before CFZ was added. M. smegmatis cells
were grown in 7H9 supplemented with Tween 80 (0.05% v/v) and glycerol (50 mM)
and were resuspended in 7H9 supplemented with glycerol (50 mM). The ODeoo of the

sample was 1.6.

Experiments with CFZ proceeded in M. smegmatis WT to see if it would still be possible
to observe changes in CFZ on addition of BDQ over this more limited wavelength
range. While a drop in CFZ absorbance is observed on addition of potassium cyanide
and sodium dithionite, little change is seen on the addition of BDQ. This may be
because the results obtained with 750 nM CFZ are affected by precipitation of the
compound. Alternatively, BDQ may impact CFZ absorbance to a modest degree that is

only detectable in the 480-500 nm region.

Overall, these results are inconclusive as to whether CFZ absorbance has the potential
to be used as a measure of reductive stress in mycobacteria. Without replacement of
the wide-range CCD or other modification to the bioenergetic chamber, it is unsuitable

for investigating this matter further.
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3.7. CONCLUSIONS AND FUTURE WORK

3.7.1. Strengths and weaknesses of the bioenergetic chamber

The results in this chapter demonstrate the power of the bioenergetic chamber in
studying metabolism in live cells. While developing a method for using the chamber
with mycobacteria was not trivial, the ability to simultaneously observe changes in
OCR and cytochrome oxidation state, and then compare the effects of different
compounds, has provided significant proof in understanding BDQ's mode of action in
a manner not previously achieved, with these findings being summarised in section

3.7.2.

Some other strengths of the bioenergetic chamber include the ability to observe
whether compounds have an immediate impact on, and are therefore active, against
different species, as well as at what concentrations these effects occur. Although this
does not negate the use of MIC assays, it can be used to do a preliminary evaluation
of compounds targeting cellular bioenergetics and inform the range of concentrations
that should be tested in a more thorough assay. Being able to view results in real-time
also means experiments to determine the appropriate concentration of compounds
to use usually only need to be conducted once, with subsequent amounts of the
compound being added, instead of performing multiple repeats with different starting

concentrations.

The potential to quantitatively measure changes in cytochrome oxidation state and
AW is another attractive feature of the device however the difficulty of acquiring the
data to make these measurements means these features could not be exploited while
studying BDQ’s mechanism. With further research into the complexes in the ETC of M.
smegmatis, it is possible these features will be able to be applied to this species.
Ideally this would also allow further study of M. tuberculosis, however given the
differences observed between the two species on the addition of CCCP and nigericin,
reference data acquired using isolated M. tuberculosis complexes should be obtained
and used instead for this species. Additionally, should the chamber be applied to the
study of a different genus of microorganism, a new set of model spectra would need

to be acquired before quantitative measurements could be made.
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Another downside is the need for fully oxidised and reduced reference spectra to
make these measurements. Reduction of cytochromes is possible through a
combination of anoxia and reducing agents, however oxidation requires effective
inhibitors of early complexes in the chain, which are not always available as evidenced

in this work.

Although a single experiment in the bioenergetic chamber provides a significant
insight into the bioenergetics of the cell, the time required for preparation of samples
as well as of the chamber itself, makes performing repeat experiments significantly
more laborious than techniques where repeats can be performed simultaneously.
This, in turn, presents difficulties in terms of statistical analysis, for example, to
perform t-tests to show the effects of BDQ, CCCP, Nigericin and DCCD are significant
compared to ethanol controls, the control experiments would have to be acquired
separately for each compound to minimise the risk of a false positive which comes
from using the same set of results across comparisons. This translates to at least 12 (4
x 3 repeats) ethanol control runs which is the equivalent of around 18 hours of labour,

with the potential for more if the data are variable.

The calibration system for the OCR readings is highly susceptible to user error, with
the calibration varying depending upon the exact timepoint the readings are taken
during the calibration procedure. Furthermore, while the phosphorescent membrane
has advantages over a Clark electrode, its gradual degradation may further contribute
to this issue. While this does call into question the accuracy of the exact OCR
measurements, the percentage change should not be impacted and so these readings

act as a useful method of comparison across experiments.

The environment of cells in the bioenergetic chamber must also be considered. In
order to remove the detergent used for culture growth, the cells must undergo
centrifugation and washing with fresh media without detergent. The impacts of these
manipulations on bioenergetic systems are unknown, as are the effects of excluding
detergent, and the OADC supplement in the case of M. tuberculosis, for the duration
of an experiment using the bioenergetic chamber. The media used does not represent

the environment of bacteria during the course of infection (Rustad et al., 2009).
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Adjustments to the media may allow for better modelling relative to the conditions
during infection but the chamber is unsuitable for macrophage studies as signals from
cytochromes in the macrophages would interfere with those from mycobacteria.
Therefore, the bioenergetic chamber cannot, at present, provide a true insight into
the exact state of mycobacteria undergoing antibiotic treatment during human or

animal infection.

The bioenergetic chamber is not suited to experiments longer than a few hours both
due to concerns about the impact of light on cells and the lack of ability to maintain a
sterile environment around the chamber which may lead to contamination of slow
growing cultures like M. tuberculosis. It is possible to grow cultures under certain
conditions and take samples to run in the chamber at set time points, however due to
the lack of cytochrome fitting currently available and the aforementioned issues with
OCR readings, it makes comparison between runs difficult. In this sense, experiments
in the bioenergetic chamber would benefit from complementary studies performed
using techniques that are better suited to long course experiments, such as NMR and

metabolomics.

3.7.2. Summary of results and implications for the field

Overall, the bioenergetic chamber is an extremely useful technique for studying
bioenergetic systems, however the high time cost means it is best suited to small
studies which require few repeats. As such, the chamber does not present a complete
solution to studying bioenergetic systems, but rather complements existing

techniques.

To summarise the results of experiments with the bioenergetic chamber with regards
to the mode of action of BDQ: addition of BDQ to M. smegmatis and BSL-2 compatible
M. tuberculosis stimulates an increase in OCR and reduction of the b and ¢
cytochromes contained in the supercomplex. These effects match those observed
with the known ATP synthase inhibitor DCCD, but not those of established
protonophore/ionophores, CCCP and nigericin. The increase in OCR is dependent on
the presence of cytochrome bd oxidase, indicating this complex has a role in mitigating

the impact of BDQ on the bacteria. Effects of BDQ at nanomolar and micromolar
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concentrations are very similar, challenging the theory that BDQ has different modes

of action at different concentrations (Guo et al., 2021; Courbon et al., 2023).

The data presented here provides sufficient evidence to conclude BDQ’s mode of
action across all concentrations is direct inhibition of ATP synthase, similar to
oligomycin in mitochondria (Symersky et al., 2012). Despite BDQ’s success as part of
the BPalL regimen, one of its known side-effects is QT prolongation, which involves
disruption of the electrical activity of the heart due to inhibition of hERG potassium
channels and has raised safety concerns (Sutherland et al., 2019). As a result, second
generation compounds of BDQ, namely TBAJ-587 and TBAJ-876, have already been
developed and completed phase | clinical trials (Sutherland et al., 2019; Hoelscher et
al., 2024). These compounds display higher MICs against M. tuberculosis and lower
hERG channel inhibition (Sutherland et al., 2019). It has been concluded TBAJ-587 and
TBAJ-876 act similarly to BDQ, however the understanding of their modes of action
has been confused by the lack of clarity around BDQ's mode of action (Courbon et al.,
2023). By providing clear evidence on BDQ’s mode of action in a manner that was
previously lacking in the field, this work lays the groundwork for further research on
these upcoming compounds, particularly with regards to considering potential

combination therapies.

Cytochrome bd oxidase is known to play a role in bacterial survival in the presence of
stressors such as antibiotics (Kana et al., 2001; Boot et al., 2017). The results in this
chapter highlight the role of this enzyme in the response of mycobacteria to BDQ, and
offer some explanation for the observation that deletion of cytochrome bd oxidase in
M. tuberculosis H37Rv shortens BDQ’s killing time (Berny, Hartman and Jacobs, 2014).
Cytochrome bd oxidase has been examined as a drug target, and while an inhibitor of
the enzyme was identified, at the time of writing, no further development has taken
place (Lee et al., 2021). It is the hope of the author that proof regarding the role of
cytochrome bd oxidase in the response of mycobacteria to BDQ will renew interest in
development of cytochrome bd oxidase inhibitors. Such compounds would likely
display strong synergy with BDQ, allowing for development of a powerful new

combination therapy.
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In addition to providing insights on BDQ’s mode of action, establishing a method for
studying mycobacteria using the bioenergetic chamber enables significant future
study pertaining to mycobacterial bioenergetics and the role of this system in cells’
response to antibiotics. Results obtained with the chamber could be used to identify
potential weaknesses following antibiotic treatment, highlighting potential future
targets for drug development such that combination therapies may be intelligently
designed. The chamber may also be used to study pre-existing drug combinations and
their effects on the oxidative phosphorylation system, compared to single drug
treatments. Furthermore, while this work focused on M. smegmatis and M.
tuberculosis, this could be applied to NTM, following adjustments to the sample

preparation protocol.

However, there are some remaining questions surrounding BDQ, such as how
cytochrome bd oxidase is activated upon cells being exposed to BDQ and why deletion
of this enzyme in M. tuberculosis has a less significant effect on changes in OCR than
in M. smegmatis. The former will likely require further study of cytochrome bd
oxidase’s structure, while methods for studying the latter were discussed section
3.4.2. ltis also worth re-examining CFZ as a means to monitor reductive stress in cells
once the wide-range CCD is replaced. Additionally, how inhibition of ATP synthase
ultimately results in mycobacterial cell death is currently unclear. As postulated in
section 1.6.3, this may be linked to a drop in ATP levels from which the bacteria are
unable to recover. Studies using 3'P NMR to monitor changes in ATP levels following
BDQ addition to mycobacteria, alongside the rate of bacterial cell death, would

provide evidence for this link.

The observed relationship between nigericin and cytochrome bd oxidase is also worth
further study as it may provide further insights into how mycobacteria respond to
changes in and regulate the PMF. This would require measuring changes in ApH and
AW on the addition of nigericin to cells and the relationship between the observed
OCR recovery and these changes with different amounts of cytochrome bd oxidase
present. The AW measurements may be possible with the bioenergetic chamber, while

ApH can be measured using 3P NMR spectroscopy.
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4., 3'1p NMR

4.1. INTRODUCTION

4.1.1. NMR theory
NMR is a powerful analytical and diagnostic tool that allows for non-destructive and
non-invasive measurements. Magnetic resonance imaging (MRI) is the mostly widely

known application of magnetic resonance and has revolutionised diagnostic medicine.

An underrated purpose of NMR is its use in studying live cultures of microorganisms.
NMR can provide real time data on changes in cellular metabolism on the scale of
seconds to minutes. Although H is the most common type of nucleus studied in a
biological context, there are several other biologically relevant nuclei that NMR can
provide data on, including but not limited to, 13C, *°N, '°F, 22Na and, most importantly

for this project, 3!P (Grivet and Delort, 2009).

The theory behind NMR can be summarised as follows: nuclei with non-zero spin (l)

have an intrinsic nuclear magnetic moment (). If placed in an external magnetic field
(Bo), I = 5 nuclei can align either with or against the field, resulting in two energy

states, the difference between which is given by equation 4.1.
AE = wh (Equation 4.1)

w is the Larmor frequency and is the product of the strength of the external magnetic
field and the magnetogyric ratio of the nuclei, while h is Planck’s constant divided by

2T

At room temperature or below, an excess of nuclei will be in the lower energy state,
i.e. they will be aligned with the external magnetic field, and thus the overall
magnetisation vector, Mo, will be aligned with By (figure 1). In addition, interaction of
i with Bo generates a torque, resulting in individual nuclear magnetic moments
precessing around By at the Larmor frequency. At equilibrium, the nuclei are out of

phase and so these motions cancel out. If the nuclei are irradiated at the Larmor
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frequency via application of a radiofrequency (RF) pulse, Mo will rotate into the xy-
plane. In addition, the nuclei will start to precess in phase with each other, and so Mg
precesses around Bg at the Larmor frequency. Precessing magnetisation induces an
oscillating current in a detection coil surrounding the sample and this signal (free

induction decay, FID) is recorded.

-> N
> N

RF pulse el

v
x
\ /4
v
x

Figure 4.1: lllustration of magnetisation vectors in an NMR experiment, where By is the
applied magnetic field, w is the Larmor frequency and My is the sum of the individual
magnetic moments of spin active nuclei with the same Larmor frequency or overall

magnetisation vector.

Mo will slowly return to its equilibrium position along Bo following application of the
RF pulse, and this is known as longitudinal or T1 relaxation. Similarly, the spins will start
to dephase, reducing the xy-magnetisation and this is known as transverse or T;
relaxation. Therefore, another RF pulse must be applied to repeat the measurement.
A Fourier transform is used to convert the time domain data obtained into the
frequency domain providing information on the Larmor frequencies of the nucleiin a

sample.

NMR allows the identification of nuclei of the same type in different environments, as
in an applied magnetic field, electrons will give rise to a small induced field, Bing,
aligned against Bo. The magnetic field the nuclei actually experience will be a
combination of Bg and Bing, thus making the Larmor frequency of a particular nucleus
dependent on the surrounding electron density. The differences in Larmor
frequencies that arise due to Bing fields are very small, and so the x-axis of an NMR

spectrum (chemical shift, 8) is reported in terms of parts per million (ppm) of the
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Larmor frequency of a set reference compound; for 3!P NMR this is usually 85%

orthophosphoric acid.

4.1.2. Phosphorylated metabolites

There are several key components of cells that contain phosphorous and thus are of
interest in in vivo 3P NMR experiments. The area under a peak in a >'P NMR spectrum
is directly proportional to the concentration of the nuclei in that particular
environment. Thus, NMR spectroscopy can provide information on the different

phosphorous-containing compounds in a cell and their relative concentrations.

ATP

Figure 4.2: Structures of AMP, ADP, ATP and P;. The protonation state of each of these

molecules varies depending on pH.

ATP, ADP and AMP along with Pjare the most crucial phosphorylated metabolites for
providing information on the energetic state of a cell. In 3P NMR, the signals from
the a- and y- phosphorous nuclei in ATP overlap with the a- and 3- resonances of ADP,
thus the B-ATP peak is the most suitable for attempting to quantify the amount of ATP
(Grivet and Delort, 2009). Determining the exact concentration of ATP requires the

use of an external or internal standard of known concentration. However, to roughly
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monitor the changes in ATP concentration, it is simpler to compare the integrals of the
[B-ATP peak with the P; peak. This ratio can provide a good indication of how the ATP

concentration in cells changes over time subject to a particular stimulus.

Polyphosphates are among the other phosphorylated metabolites of interest that can
provide additional information on the energetic state of cells. They are composed of
multiple inorganic phosphate groups linked via phosphate-anhydride bonds and act
as storage for P;. Short chain polyphosphates can be detected via NMR providing they
are solubilised (Ok-hama et al., 1986). Long chain polyphosphates cannot be detected

as their T, relaxation times are too short (Satre, Martin and Klein, 1989).

Phospholipids are another key phosphorylated component of cells, being the main
constituent of cell membranes. Phospholipids themselves appear as a very broad
bump in the spectrum, making NMR spectroscopy unsuitable for direct observation of
phospholipid levels. However, phosphomonoesters (PMEs), phospholipid precursors,
and phosphodiesters (PDEs), phospholipid degradation products, can be clearly
observed in some cells providing information on phospholipid metabolism (Daly et al.,

1987; Kaplan and Cohen, 1991; Schlemmer et al., 2005).

Other phosphorous-containing compounds present at high enough concentrations
inside cells are detectable by NMR, but the specific metabolites discussed are the most
universally observed across in vivo 3P NMR experiments. 3P NMR can provide a
unique picture of cellular energetics and metabolism in the course of a single

experiment due to the simultaneous detection of these metabolites.

4.1.3. Measuring cellular pH

Aside from being used along with ATP signals to provide information on the energetics
of cells, the P; signal in 3P NMR can also be used to monitor intracellular and
extracellular pH (Moon and Richards, 1973; Steiert et al., 1988; Chorao et al., 2010).
Protonation of P; alters the electron density around the phosphorus nucleus which
affects the magnetic field the phosphorus experiences, altering its Larmor frequency.

This means P; in different protonation states will have different chemical shifts.

145



Proton exchange between Pi molecules occurs at such a rate that, as opposed to
seeing different peaks for different protonation states in a 3P NMR spectrum, an
average of the two peaks is observed, with the chemical shift dependent on the overall
protonation level of all P; in solution and, in turn, the pH. One of the pK, values of
inorganic phosphate (H.POs = HPO4% + H*) under physiological conditions is 6.8,
meaning its chemical shift is heavily dependent on pH over the pH range normally
associated with biological systems (around pH 6-7.6) (Slonczewski et al., 1981;

Ackerman et al., 1996).

In cases with living cells, multiple P; resonances are often observed, with one being
due to intracellular P; (Piic) and another being due to extracellular P; (Piec), due to the
intracellular and extracellular environments being at different pHs. This is particularly
important in the case of prokaryotes that conduct oxidative phosphorylation at their
cell membranes, as this allows for the ApH component of the PMF to be determined

via NMR, providing additional information on the energetics of the cells.

Moon and Richards performed the first experiment on intact cells in 1973, when they
were able to calculate the intracellular pH of rabbit erythrocytes (Moon and Richards,
1973). Since then, it has been applied to different species of bacteria, fungi, and
animal tissue to monitor changes in pH homeostasis as a result of changes in external
conditions (Garlick, Radda and Seeley, 1979; Steiert et al., 1988; Lyngstad and

Grasdalen, 1993; Chorao et al., 2010). Equation 4.2 is the most commonly used to

Pj
acid

determine pH from P; chemical shift, where & is the chemical shift of H,PO4™ and

b

base

is the chemical shift of HPO4? (Ackerman at al., 1996).

P:
. AS—8.1
pH = pK,"i + log <8pi—a°’d> (Equation 4.2)

base A8

A is the difference between the observed chemical shift of P; in solution and a
reference 3P signal that is insensitive to pH changes. This may be in the form of an
external reference capillary containing a phosphorus compound with a known
chemical shift that does not overlap with those of P; or any other peaks of interest in
the spectrum. Methylene diphosphonate (MDP) is a popular choice as an external

reference compound, as its chemical shift (~¥16.4 ppm depending on the pH of the
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reference solution) makes it easily distinguishable from other peaks in the spectrum
(figure 4.3) (Satre, Martin and Klein, 1989; Gosset et al., 2008; Couldwell et al., 2009;
Chorao et al., 2010). Use of an external reference requires consideration as to how
the capillary will be incorporated into the experimental setup and magnetic field

homogeneity must be maintained throughout a set of experiments.

An internal reference, either one added to or already present in the sample, is an
alternative. Glycerol phosphorylcholine (GCP), which is pH-insensitive, serves as one
possible example (Melvin and Shanks, 1996). pH sensitive compounds such as phenyl
phosphonate (PheP) and methyl phosphonate (MeP) can also be used. Provided the
compounds are taken up by cells, the chemical shift difference between them and P;
will change as a function of pH, meaning they can be employed to determine
intracellular pH. If not taken up by the cells, then MeP and PheP can still act as

reference compounds, but this is reliant on the pH of the sample medium being

known.
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Figure 4.3: Structures of MDP, GCP, MeP, PheP and PCr.

Any exogenous compound must be nontoxic and not affect the pH homeostasis of the
organism under study. These requirements do not apply to biological molecules like
ATP, the o-ATP peak of which is mostly pH insensitive and can be used as a reference,
and phosphocreatine (PCr). PCr is a molecule capable of transferring a phosphate

group to ADP to form ATP found primarily in vertebrate musculature (Feldman, 1999).
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While it is a valid reference compound in some studies, its use is limited as it does not
occur in all cells and, even then, is best suited for experiments done on tissues with a
high level of PCr (e.g. muscle tissue) (Rata et al., 2014). ATP is a suitable reference
compound for a much wider range of studies, although the peak shape of the a-ATP
peak can be disrupted by signals from uridine diphosphate glucose and NAD* (Madden
et al., 1991).

Water can be used as a chemical shift reference by obtaining a 'H spectrum of the
sample and then finding the relation between the resonance frequency of the water
peak and a peak with a known identity in the 3!P spectrum. So far this has only been
demonstrated with PCr (Rata et al., 2014). Once this relation has been found the water
peak in a 'H spectrum can be used to estimate the position of the 3'P species, allowing
creation of a virtual peak in the 3'P spectrum which can then be used as a reference.
Although shown to be viable, this is more involved than using a 3'P reference
compound and no improvement in accuracy was shown over using a-ATP as a
reference. Additionally, the chemical shift of water is temperature dependent, so a
constant temperature must be maintained throughout experiments using this

approach (Vitkin et al., 1997).

Although Piis a convenient native pH probe, its use comes with a couple of drawbacks.
Firstly, the chemical shift of P;is pH insensitive above pH 8, making it unsuitable for
monitoring the cellular response to alkaline conditions (Slonczewski et al.,1981).
Secondly, in some cases Pi signals cannot be clearly distinguished as a result of signals
from other compounds occurring at overlapping regions in the spectrum (Martin et
al., 1987). Due to these reasons, some groups have investigated the use of alternative

exogenous pH probes (Slonczewski et al., 1981; Thoma et al., 1986; Pietri et al., 2000).

Slonczewski et al. (1981) identified MeP as a potential pH probe. MeP has a pKa of
7.65 and its chemical shift was found to be pH sensitive up to and including pH 8.5,
allowing the monitoring of pH homeostasis in E. coli under alkaline conditions.
Furthermore, MeP has a significantly different chemical shift (24.90-21.05 ppm) to
native phosphorus-containing compounds, making MeP resonances easy to

distinguish. Because of this, MeP was used to obtain a value for the cytoplasmic pH of
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the slime mould Dictyostelium discoideum (D. discoideum), after attempts to use P; as
a pH probe had proven problematic due to difficulties in correctly identifying the P;

peaks (Jentoft and Town, 1985; Martin et al., 1987; Satre, Martin and Klein, 1989).

One downside of using MeP is that its uptake by cells is variable. Intracellular MeP is
only detected in E. coli cells if they are grown on glycerol and MeP uptake by D.
discoideum has been recorded in some studies but not in others, however it is unclear
whether this is due to a different choice of growth medium or a different strain of the
amoeba being studied (Slonczewski et al., 1981; Jentoft and Town, 1985; Satre, Martin
and Klein, 1989).

PheP has been proposed as an alternative pH probe and was used to measure pH in
E. coli without the need for glycerol (Thoma et al., 1986). Unfortunately, issues with
PheP uptake or toxicity have been reported for Flavobacterium sp. (which was later
reclassified as Sphingomonas chlorophenolica, S. chlorophenolica) (Steiert et al., 1988;
Leung et al., 1999). and D. discoideum respectively, (Satre, Martin and Klein, 1989)
illustrating that while PheP can be used as a pH probe, much like MeP, its scope is

limited.

If the Piic and Piec peaks are poorly separated, for example if the applied magnetic field
is heterogenous, then accurate ApH measurements will be impossible. Therefore, a
series of neutral linear and cyclic a- and -aminophosphonates were evaluated in an
effort to find more sensitive pH probes (Pietri et al., 2000). It was theorised that if the
amine was the preferred protonation site, then this would lead to a more sensitive pH
probe. Every aminophosphonate demonstrated a pH sensitivity 2-4 times greater than
that of Pi. One of these compounds, diethyl(2-methylpyrrolidin-2-yl)phosphonate
(DEPMPH) (figure 3), was used as to obtain values for intracellular and extracellular

pH in isolated rat hearts and livers (Pietri et al., 2000; Pietri et al., 2001).
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Figure 4.4: Structures of exogenous pH probes DEPMPH and tBuMeP.

In later studies done with D. discoideum, DEPMPH, as well as another o-
aminophosphonate probe, diethyl(1-(tert-butylamino)-eth-1-yl)phosphonate
(tBuMeP), did not show the same toxicity issues as PheP (figure 4.4). They also
allowed the determination of cytosolic and endolysomal pH, an improvement on MeP
which only gave an intracellular signal assigned to the cytosolic compartment (Satre,
Martin and Klein, 1989; Gosset et al., 2008). Despite the advantages of using
aminophosphonate probes, the number of studies done with them are limited, likely

due to the fact they are not commercially available.

31p NMR is a powerful technique for measuring pH in vivo and can provide insights
unobtainable by other methods. However, its application is nontrivial and
experiments must be designed carefully to derive reliable results. While the use of
intrinsic species means there is no concern over the impact of adding a compound not
normally contained in growth media to the organism under study, often use of

exogenous pH probes can be easier and more reliable.

4.1.4. Examples of live cell NMR studies

The ability to non-invasively monitor cellular pH in conjunction with the levels of ATP
and other phosphorylated metabolites makes 3P NMR a useful tool for observing
cells’ responses to changes in their external environment (Lohmeier-Vogel, Hahn-
Hagerdal and Vogel, 1995; Chorao et al., 2010). Some examples of experiments in this
area include those done on Rhodococcus rhodochrous OBT18 (R. rhodochrous), a
strain of bacteria found in wastewater treatment plants (Wever et al., 1997). The

ability of this strain to degrade benzothiazole pollutants led to interest in its ability to
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cope with different stresses and this was investigated using 3P NMR and '3C NMR
(Chorao et al., 2010). The 3P NMR data in particular showed that following anoxia,
intracellular pH and ATP levels returned to normal within 3 hours, something not

previously observed in environmental bacteria.

Lohmeier-Vogel et al. (1995) investigated the effects of oxygenation on three different
species of yeast metabolising glucose or xylose using a combination of 3P and 3C NMR
(Lohmeier-Vogel, Hahn-Hagerdal and Vogel, 1995; Lohmeier-Vogel, Mcintyre and
Vogel, 1996). They found that while glucose metabolism in Saccharomyces cerevisiae
(S. cerevisiae) and Candida tropicalis (C. tropicalis) is independent of oxygenation, this
is not the case for Pichia stipitis (P. stipitis). In contrast, the rate of xylose metabolism

was higher under aerobic conditions for both P. stipitis and C. tropicalis.

A combination of 3C and 3'P NMR were also used to examine the effect of changing
the substrate on growth of the bacterium Zymomonas mobilis (Z. mobilis) (De Graaf
et al., 1999). Differences in Z. mobilis growth on fructose compared to glucose were
unexplained prior to this study but use of 3P NMR linked growth differences to an
overall change in cellular levels of phosphorylated metabolites. Another study looked
at the effects of growing the nitrogen-fixing bacteria Bradyrhizobium japonicum (B.
japonicum) in a high-osmolarity medium versus a low-osmolarity medium (Pfeffer et
al., 1994). B. japonicum produces a cyclic oligosaccharide, phosphocholine-substituted
3-1,3;1,6 cyclic glucan, which is observable via 3P NMR. Through the use of this
technique in conjunction with 3C NMR, phosphocholine-substituted 3-1,3;1,6 cyclic
glucan was implicated to play a role in adaptation of the bacteria to low-osmolarity

conditions.

31p NMR is also a powerful tool for investigating the effects of a specific compound,
such as a pollutant, on live cells. Specifically, 3P NMR can provide evidence on
whether a xenobiotic acts as an uncoupler in prokaryotes (Thoma et al., 1986; Steiert
et al., 1988; Lohmeier-Vogel, Ung and Turner, 2004). In a 3P NMR spectrum, the
collapse of ApH caused by an uncoupler can be observed via the convergence of the

peaks assigned to Piic and Piec (or the equivalent peaks of an exogenous pH probe).
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Uncoupling is accompanied by a drop in the B-ATP peak due to ATP being hydrolysed

without reserves being replenished by oxidative phosphorylation.

31p NMR has been used to observe the uncoupling activity of the biocide
pentachlorophenol on E.coli (Thoma et al., 1986). A later study showed that while S.
chlorophenolica, a bacterial species known to break down some chlorinated phenols,
is resistant to uncoupling by pentachlorophenol, it is susceptible to the uncoupling
action of a chlorinated phenol with a different substitution pattern, 3,4,5-
chlorophenol (Steiert et al., 1988). Similarly, 3P NMR experiments on E. coli
investigating the toxicity action of group 16 pollutants were able to provide evidence
that tellurite acts as an uncoupler, while selenite does not (Lohmeier-Vogel, Ung and

Turner, 2004).

31p NMR enables monitoring of cellular metabolism in vivo and can probe
phospholipid metabolism. PME levels have been shown to be higher in tumour cells
compared to healthy tissue (Sostman, Armitage and Fischer, 1984; Maris et al., 1985).
31p NMR was used to identify the PMEs detected in MDA-MB-231 human breast
cancer cells as phosphocholine and phosphoethanolamine, both phospholipid
metabolites, and the pathways producing them (Daly et al.,1987). Later, 3'P NMR was
also used to provide information on the pathway for synthesising
phosphatidylcholine, a phospholipid formed from phosphocholine, in lymphocytes
(Kaplan and Cohen, 1991).

31p NMR allows the metabolism of some xenobiotics in live cells to be monitored. The
main application of this is in investigating drug metabolism. Boyd et al. (1986) used
31p NMR to study the conversion of cyclophosphamide, a phosphorus-containing
anticancer prodrug, to its active phosphoramide mustard form in U937 human
histiocytic lymphoma cells. They demonstrated that the phosphoramide mustard
formed from cyclophosphamide cannot readily cross cell membranes, and therefore
must be formed intracellularly. The group also obtained a rate constant for the
disappearance of the phosphoramide mustard. In a similar manner, Sonawat et al.
(1990) studied the metabolism of the cyclophosphamide derivative mafosfamide in

P388 mice leukaemia cells. The half-life of S-2-[3-(aminopropylamino)]ethylphos
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-phorothioic acid, a radioprotective agent, in mice has also been investigated using 3'P

NMR (Knizner et al., 1986).

The number of experiments that can be conducted in this area is limited because 3P
NMR is only useful for monitoring phosphorus-containing drugs (or drugs with known
phosphorylated metabolites). Indeed, more literature is available on studying drug
metabolism in vivo using *H and °F NMR (Bell, Gadian and Preece, 1990). The major
issue with this application of NMR spectroscopy is that a relatively high concentration

of adrugis needed in order for it to be detectable via NMR (generally above 100 mM).

4.1.5. Determining exchange rates

Magnetisation transfer (MT) is a technique that allows the determination of rate
constants for exchange reactions between two species. In a 3'P MT experiment, one
of the exchanging species is selected and its signal is perturbed via inversion or
saturation (i.e. continued irradiation at the Larmor frequency, eliminating the
population difference between spin states). Signal perturbation is transferred to the
second exchanging species by chemical exchange, and measurement of this allows

guantification of the exchange rate.

The first 3P MT measurements on an enzyme catalysed system (adenylate kinase)
were done in vitro in 1977 (Brown and Ogawa, 1977). In vivo saturation transfer (ST)
experiments were used to obtain unidirectional rate constants for the synthesis of ATP
from P; and the hydrolysis of ATP to Pi (and ADP) in E. coli shortly afterwards (Navon
et al., 1977).

The majority of in vivo 3P MT experiments have been done on vertebrate tissue, in
which both PCr-ATP and P;-ATP fluxes can be investigated (Befroy et al., 2012). A series
of experiments on S. cerevisiae remain the only other notable application of 3P MT to
the study of microorganisms (Alger, Hollander and Shulman, 1982; Campbell, Jones
and Shulman, 1985; Campbell-Burk, Jones and Shulman, 1987). The unidirectional rate
for the conversion of P; to ATP was obtained via saturation of the y-ATP signal under
aerobic and anaerobic conditions (Alger, Hollander and Shulman, 1982). The

contribution from the action of mitochondrial ATPase to P; consumption was
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investigated through the addition of a mitochondrial respiratory chain inhibitor,
antimycin A (Campbell-Burk, Jones and Shulman, 1987). The rate of Pi consumption
observed by ST decreased appreciably and, notably, was similar to the value obtained

under anaerobic conditions.

The  glyceraldehyde-3-phosphate dehydrogenase/phosphoglycerate kinase
(GAPDH/PGK) pathway was suspected to be responsible for the remaining P;
consumption (Alger, Hollander and Shulman, 1982). Campbell-Burk et al. (1987) used
data from MT experiments with a GAPDH inhibitor, iodoacetate, to conclude that P;
consumption is the sum of contributions from mitochondrial ATPase and GAPDH/PGK,
with the contribution from each pathway being dependent on growth conditions (e.g.

oxygenation and substrate).

The abundance of literature on MT studies in humans and other mammals validates
the technique as a non-invasive means of obtaining rate constants. Although far less
work has been done on microorganisms, this particular application of 3'P NMR should

not be ignored as it can provide further information on the bioenergetics of a cell.

4.1.6. Aims for this chapter

The original aim of this chapter was to develop a method for studying mycobacteria
using 3P NMR and apply this to the study of the mechanism of BDQ. When it became
clear data from the bioenergetic chamber alone would be sufficient to solve BDQ's
mode of action, efforts were refocused there and as such this section only describes

the methods development process which was carried out via the following steps:

l. Devise a system to oxygenate and mix M. smegmatis cultures so that they
may be sustained over the course of an NMR experiment.

Il. Find an optimal set of parameters for acquiring 3P NMR data from
mycobacteria.

M. Acquire 3P NMR reference spectra of phosphorylated metabolites so that

they may be correctly identified in M. smegmatis spectra.
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4.2. ESTABLISHING A SETUP FOR LIVE CELL NMR
STUDIES

4.2.1. Examples of systems used to perform NMR studies on live
cells in literature

One of the main challenges of performing NMR on cell cultures is the issue of keeping
cells alive inside the magnet. In a study working with aerobic cells, a system of keeping
the cells oxygenated in the NMR machine must be devised. The inability to use
magnetic metals within the near vicinity of the spectrometer further complicates
matters. Additionally, heterogeneity in the sample will result in peak broadening, so

often a means to keep the sample stirred is also required.

The obvious solution to both of these issues is to stir the culture by bubbling air
through it. However, oxygen is paramagnetic, meaning oxygen bubbles affect the
homogeneity of the magnetic field which results in peak-broadening (Jentoft and
Town, 1985). Navon et al. (1977) synchronised the oxygen bubbling and RF pulse, such
that scans were only recorded after an oxygen bubble had finished passing through
the coil. More common are systems designed with an inner and outer tube so that
oxygen is bubbled above the detector, oxygenating the culture and causing liquid to
flow through the inner-outer tube system, thereby mixing it; these are known as airlift

systems.

Examples include one developed by Jentoft and Town (1985) used to study D.
discoideum, which gave better signal resolution and mixing compared to simple
oxygen bubbling, and one developed by Santos and Turner (1986). The Santos-Turner
design has since been modified and used by several groups, likely due to oxygenation
being achieved at a significantly lower O2 bubbling rate compared with the Jentoft-
Town system (15 mL min? versus 130-150 mL min) (Kramer and Bailey, 1991;

Lyngstad and Grasdalen, 1993; Melvin and Shanks, 1996).

Perfused systems, in which an oxygenated medium is cycled through the NMR tube,
are another means of maintaining live cell cultures. Using a perfused system is a must

if working with cells sensitive to a build-up of toxic by-products or cells that can lyse if



exposed to vigorous bubbling (Sostman, Armitage and Fischer, 1984). Changing or
adding things to the medium in perfused systems is easier, facilitating long studies on
the impacts of changes in external conditions. Temperature control can be achieved
through heating the medium in a water bath before it is cycled through to the cells

(Carvalho et al., 2019).

Perfused systems can require significantly more medium than airlift systems
(depending on whether the medium is reoxygenated after being passed through the
culture and recirculated). A more complicated setup is also required as pumps are
needed to circulate the medium (Grivet and Delort, 2009). Cells must be prevented
from cycling (usually through immobilisation in agarose gel threads/beads or alginate
beads) although the method of immobilisation should not interfere with the ability of
cells to extract nutrients from the medium (Lohmeier-Vogel, Mcintyre and Vogel,

1996; Hesse et al., 2000; Carvalho et al., 2019).

Both airlift and perfused systems have their separate benefits, making them more
suited to different types of experiment. For simple and short studies (1> day), a basic
airlift system provides a straightforward solution to the task of maintaining the cells
through the course of the experiment. Perfused systems are more suited to long
studies (several days), particularly those focused on the effects of changes in the

culture medium.

4.2.2. Air motor design

To avoid disruption of the homogeneity of the magnetic field due to stirring via
bubbling, a system consisting of a mechanical stirrer powered by an air-powered
motor was conceived (figure 4.5). The setup was designed to work with a Bruker 400
MHz wide-bore spectrometer. The sample is contained in a Falcon tube which screws
onto another tube that runs to the top of the bore of the spectrometer. The second
tube has bearings positioned throughout it to limit any potential wobbling of the rod
without restricting its rotation. Rather than using bubbles to supply oxygen to the
cells, oxygen-permeable platinum-cured silicon tubing is run through the Falcon tube

and used to oxygenate the culture.
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Figure 4.5: Diagram of air-powered motor-stirrer setup for performing NMR on live

bacteria.

Initial designs of the air-powered motor consisted solely of a rotor connected to a
shaft, housing and lid. A clearance of 0.2 mm between the rotor blades and the casing
was used to ensure maximum efficacy of the motor. The components were produced
using a 3D printer and the ability of the design to drive mixing of a 25 cm?3 sample was
tested. Hand sanitiser was selected as the sample as it has a greater viscosity than the
cultures that will be used and therefore serves as a good test as to whether sufficient

force can be generating using the motor.

With the 3D printed components, the rotor would only turn in the housing in the
absence of the lid. Additionally, sufficient force to stir the sample was only achieved
with the rotor alone. This was likely due to a lack of support to maintain the
orientation of the shaft in the housing, which caused to rotor to move within the
casing and come into contact with the sides, reducing the force of the rotation output.
To rectify this, the motor was redesigned with the bottom of the housing designed to
accommodate a bearing that fits to the shaft and should therefore prevent the rotor
from moving within the casing (figure 4.6). The port for air input was also changed to

one that would connect to a push fit connector which facilitates connection to the air

supply.
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Figure 4.6: CAD models for the components of the redesigned air-powered motor.

Following manufacture of these parts from hard plastic, the efficacy of the air motor
was evaluated through benchtop tests with a 25 cm? sample of hand sanitiser,
selected as its viscosity is greater than that of any culture that will be used in future
experiments. The motor was able to rotate a ca. 40 cm shaft with a stirrer-bar like
component at the bottom at a speed sufficient to mix the sample. This demonstrated
that the motor alone is able to generate sufficient torque to mix a fluid sample without

needing to include gears in the set up.

One issue, however, is that the shaft noticeably wobbled while being turned by the
motor. Excess motion of the shaft, and by extension the stirrer, is undesirable as it
may result in disruption of the homogeneity of the magnetic field, thereby reducing
the quality of the spectra. Additionally, it has the potential to lead to mechanical wear,
especially as experiments with BDQ are planned to be conducted over a period of

several days.

The hope in the original design was to include a tube that would screw onto the top
of the sample container and contain bearings to support the shaft and limit its motion.
The practicalities of making such a tube are less simple than its conception and upon
examining the dimensions of the air motor and the bore of the NMR machine, the
design was redrafted (figure 4.7). By adjusting the inlet and outlet ports on the motor,
it can be made to fit inside the NMR machine, just above the sample, thereby reducing

the length of the shaft, and with it, any wobbling that may occur with stirring.
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The reduced size means producing the components needed for this revised design
would have resulted in a significant wait time. To avoid such a delay, an examination
of previous setups used for in vivo NMR on microorganisms to look for potential

alternatives was conducted.
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Figure 4.7: Diagram of redrafted air-powered motor-stirrer design for performing

NMR on live bacteria.

4.2.3. Airlift design

An airlift system published by Santos and Turner was selected as a promising base for
a new live cell NMR set up (Santos and Turner, 1986). The original design features a
10 mm NMR tube with a 5 mm capillary fitted inside of it. Oxygen is introduced via air
being bubbled into the inner capillary, above the part of the sample that is contained
within the detection coil. As the air bubbles rise through the culture, they draw liquid
up with them, thereby generating a flow and mixing the solution. The system is
reasonably simple to construct and was reported to achieve high levels of oxygenation

and mixing of substrates in solution.

A wide-bore NMR machine allows for a 30 mm sample tube as opposed to a 10 mm
one. Having a greater sample volume inside of the coil increases the SNR for cell
suspensions of the same concentration, therefore it is beneficial to capitalise upon the
extra volume available. It is unclear how important the outer diameter ratio of the

inner capillary and outer tube is to generating sufficient flow to mix the culture and so
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the original intention was to test multiple versions of the design shown in figure 4.8.
By performing mixing tests with inner capillaries of different diameters (dimension X),

the optimum ratio could be found.

A 10 mm diameter inner capillary was chosen to test the proof of concept of the
design. Simple plastic rings like those pictured in the diagram were made via 3D
printing and the chamber was assembled with a drop of gel food colouring being
placed on the bottom of the inner capillary. 40 mL of water was added, and upon the
introduction of a stream of air through the air delivery tube, mixing throughout the
chamber was immediately observed with the dye being fully dissolved and mixed after

approximately 10 seconds of bubbling.
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Figure 4.8: Diagram of an initial design for an airlift system to be used with a Bruker
400 MHz wide-bore spectrometer, where dimension X could be varied to find the inner

capillary diameter to outer tube diameter ratio that achieves the best results.

Satisfied that the system could provide adequate mixing, a culture of M. smegmatis

WT was loaded into the chamber to see if adequate oxygen could be provided to keep

160



cells alive. After three hours of the chamber being incubated in a water bath at 37 °C
with compressed air being bubbled through, although no growth was observed, the
OCR of cells (73 uM min), monitored using the bioenergetic chamber, was very

similar to that before the culture was loaded into the chamber (76 uM min).

This demonstrates the design is able to keep cells alive, although several issues were
identified in the process. Firstly, the presence of Tween 80 in the media means that if
the air flow rate is too high, the top of the culture starts to bubble up and out of the
exit tube. Secondly, the simple plastic rings were designed such that ensuring the
dimensions of the inside of the chamber remain the same in each experiment relies

upon use of a measuring tool and the setup is liable to getting knocked out of position.

In order to solve the first issue, the decision was made to add a regulator to the air
input to allow better control over the flow rate. A new design for the plastic rings was
modelled using CAD software so that the air delivery tube was better supported and
all the components fit together such that reassembly of the chamber after cleaning
was not subject to human error in terms of positioning (figure 4.9). In order to
accommodate these changes, the outer diameter of the inner capillary had to be
changed from 10 mm to 15 mm. Plans to investigate the impact of altering the
diameter of the inner capillary were discarded as the thickness of the plastic required
to make the new rings durable meant changing the diameter of the inner tube would
result in smaller holes for the liquid to pass through and would likely interfere with

mixing.

Another test was done with gel food colouring using this new design and it was shown
to mix effectively with an easier set up process. The new rings prevented any
components from being knocked out of position and so the design was taken into the

next phase of testing.
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Figure 4.9: Images of the redesigned NMR airlift chamber showing (A) CAD models of
the structure and (B) the actual assembly of the chamber using a mixture of 3D printed

components created from the CAD models and glassware.

4.2.4. Verifying design is suitable for culture growth

Rather than doing another experiment with M. smegmatis, growth measurements of
Bacillus subtilis (B. subtilis) were performed using the chamber (table 4.1). In order to
show the chamber is able to oxygenate cells effectively, it is important to demonstrate
it can support cell growth and B. subtilis has a significantly shorter doubling-time than
M. smegmatis (20 mins versus 3-4 hrs) (Klann et al., 1998; Errington and Aart, 2020),
meaning the culture can be monitored throughout growth to ensure there are no
issues with the air flow rate. For initial tests, a flow of compressed air was used to

oxygenate and mix the culture in the NMR chamber.

Bacterial growth is observed in the chamber over a period of 7 hrs under these
conditions, showing that it can support some cell growth. When compared to a culture
grown in a 250 mL conical flask placed in an incubator however, growth in the NMR

chamber is slower, and appears to start to plateau around the 7-hour mark. One
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explanation for this is that the bubbling rate with compressed air is not sufficient to

supply cells with enough oxygen once the culture reaches a certain cell density.

Table 4.1: Growth measurements for B. subtilis 168 grown in LB media in the NMR
chamber using a flow of compressed air versus a 250 mL conical flask. All cultures were

incubated at 37 °C with the 250 mL conical flask being shaken at 200 rpm.

Time (hrs) ODgoo of culture in 250 mL flask () ODé¢oo of culture in NMR

chamber ()
4.3 0.4 0.4
6.3 2.0 1.4
7.5 3.0 1.6

Increasing oxygen delivery by increasing the bubbling rate further carries the risk of
the bubbling being too vigorous, potentially leading to loss of culture from the air
outlet tube in the lid. Therefore, the experiment was repeated with a similar bubbling
rate, but this time using a 40% oxygen, 60% nitrogen mix instead of compressed air to
supply the cells with more oxygen (table 4.2). Under these conditions, growth in the
NMR chamber much more closely matched that in a 250 mL conical flask. This
demonstrates the oxygen content in compressed air is not sufficient for maintaining
cultures at an ODeggo >1 in the airlift design. As a result, future experiments were
performed using an oxygen generator, able to provide a gas flow composed of 70-80%

oxygen.
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Table 4.2: Growth measurements for B. subtilis 168 grown in LB media in the NMR
chamber using a flow of a 40% oxygen, 60% nitrogen mix versus a 250 mL conical flask.
All cultures were incubated at 37 °C with the 250 mL conical flask being shaken at 200

rom.

Time (hrs) ODgoo of culture in 250 mL flask () ODé¢oo of culture in NMR

chamber ()
4 0.3 0.1
5.8 1.7 15
6.9 2.6 2.3

4.2.5. Growing M. smegmatis in the NMR chamber

Having shown the airlift system could support bacterial growth, attention was shifted
to exploring how well it could support an M. smegmatis culture for potential BDQ
studies. To ensure any increase in culture ODggo was due to M. smegmatis growth, air
into and out of the chamber was run through microbial filters to prevent potential
contamination of cultures. Additionally, all glass and silicon tubing components were

autoclaved prior to use, while 3D printed components were sterilised using 70% EtOH.

Unlike B. subtilis, M. smegmatis is grown in the presence of a detergent (Tween 80)
which caused cultures to foam upon bubbling air into the chamber in initial
experiments. This resulted in loss of culture via the air outlet tube and so ways to
minimise this effect were investigated. Mycobacteria grown in bioreactors are
supplied with oxygen via a similar manner to the NMR chamber, i.e. bubbling in air,
with antifoam C emulsion being added to prevent foaming. This method was trialled
in the NMR chamber and it was found that adding 0.05% antifoam C emulsion to the
growth media reduced the level of foaming such that air could be introduced to the

chamber at a rate of 0.6 LPM without loss of culture through the outlet tube.

164



It was also observed that the 3D printed components swelled after being in contact
with aqueous solution. As a result, they were easily damaged during disassembly of
the NMR chamber and had to be replaced after a single experiment. To make the
design of the chamber more sustainable, the parts were reproduced using polyether
ether ketone (PEEK). PEEK is more durable and can be sterilised by autoclaving. It has
also been demonstrated to be non-cytotoxic to two human cell lines, therefore
making it suitable for use in biological applications (Limaye, Veschini and Coward,

2022).

Following these changes, M. smegmatis was left to grow in the NMR chamber
overnight. Sometime during this period, the fluid level in the chamber fell to below
the level of the inner tube, thus rendering the chamber unable to mix the culture
properly. This drop in fluid was initially believed to be caused by evaporation due the
air being bubbled through the chamber having a very low humidity. In an attempt to
combat this, the air was first bubbled through a tube of deionised water before being
introduced to the chamber. Although this should have increased the moisture content
of air being bubbled through the chamber, significant loss of liquid overnight was still

observed.

Sterile mineral oil is used to limit evaporation in tissue culture, but was found not to
be suitable for use in the NMR chamber. Any level of bubbling resulted in disruption
to the mineral oil layer, thereby rendering it ineffective. An alternative solution in
which cultures were grown in 250 mL flasks overnight to an ODeoo of around 0.5 and

then transferred to the NMR chamber was trialled.

The logic behind this was that the fluid level in the chamber could then be observed
throughout growth and the culture could be topped up with fresh growth media as
required. During this process, it was noticed that there was a leak where the glass air
inlet tube was inserted into the chamber lid. This is likely why such volume loss of the

culture was observed when left bubbling overnight.

The lid was redesigned to have the same proportions but with O-rings incorporated in
the hole for the air inlet tube and around the base of the lid to form a tight seal against

all glass fittings. No leaks were observed with the new lid design and attempts to use
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the chamber to grow M. smegmatis were restarted. The same procedure as before,
wherein the culture was grown in a 250 mL flask overnight and then transferred to the
NMR chamber, was used. Succinate was selected as the carbon source for this
experiment as succinate grown cells have a lower oxygen consumption and so have a

greater likelihood of growing in the chamber if oxygen supply is the limiting factor.

Growth measurements were acquired, showing the succinate-grown M. smegmatis
will grow in the NMR chamber (table 4.3). Growth in the chamber is similar to that in
a 250 mL conical flask, although the growth rate in the conical flask was slightly faster
after an ODeoo of around 1 was reached. The experiment was repeated using glycerol
as the carbon source to match the conditions used for bioenergetic chamber
experiments (table 4.4). A faster growth rate is again observed in the 250 mL conical
flask, but the NMR chamber still is able to support culture growth up to an ODggo of
3.8.

Table 4.3: Growth measurements for M. smegmatis WT grown in 7H9 media
supplemented with Tween 80 (0.05% v/v), antifoam C emulsion (0.05% v/v) and
succinate (50 mM) in the NMR chamber versus a 250 mL conical flask. All cultures were

incubated at 37 °C with the 250 mL conical flask being shaken at 200 rpm.

Time (hrs) ODgoo of culture in 250 mL flask () ODggo of culture in NMR

chamber ()
0.0 0.5 0.6
21 0.9 0.9
3.6 15 1.2
6.6 1.9 1.7

166



Table 4.4: Growth measurements for M. smegmatis WT grown in 7H9 media
supplemented with Tween 80 (0.05% v/v), antifoam C emulsion (0.05% v/v) and
glycerol (50 mM) in the NMR chamber versus a 250 mL conical flask. All cultures were

incubated at 37 °C with the 250 mL conical flask being shaken at 200 rpm.

Time (hrs) ODgoo of culture in 250 mL flask () ODé¢oo of culture in NMR

chamber ()
17.3 0.4 0.5
3.6 1.1 1.0
5.7 1.9 1.6
7.8 2.3 1.9
23.3 4.8 3.8

Having shown bacterial cultures can grow in the NMR chamber, this setup can be
implemented in a wide-bore NMR machine. The effect of bubbling rate on the quality
of NMR spectra obtained still needs to be investigated. This could be done by using
standard solutions of phosphorylated metabolites and studying the impact of
bubbling rate on peak broadness in the 3P spectra acquired. Once a bubbling rate that
supports sufficient cell growth and allows for the collection of high-quality spectra has

been found, the NMR chamber can be used to study bioenergetics in live cells.

4.3. 3P NMR ACQUISITION PARAMETERS

4.3.1. Calibrating the reference power for a 90° RF pulse

The maximum signal for NMR is achieved when the overall magnetisation My is
rotated 90° from being aligned with the z-axis into the xy-plane. This angle of rotation
can be changed by altering the power of the RF pulse. In *H NMR the signal is sufficient
for NMR software to calculate the power needed for a 90° pulse, and subsequently

the power required for other rotation angles. In 3P NMR this is not the case, so the
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reference power for a 90° pulse must be identified manually. To achieve this, the
reference power was varied from 5 to 40 W in increments of 2.5 W and this was
plotted against the integral of the resulting signal from a 25 mL sample of 0.2 M

monosodium phosphate (figure 4.10).

— Raw data
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sine curve
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Figure 4.10: Effect of the reference power value input on the intensity of the P; signal

in the resulting 3'P NMR spectrum of a 0.2 M solution of monosodium phosphate.

The data was fitted to a sine curve, the expected output if one considers the impact
of the angle of rotation of Mo on the degree of magnetisation in the xy-plane. The
maximum signal occurred when the reference power was 15 W, therefore this is the

reference power of a 90° pulse for a 25 cm?3 sample.

4.3.2. Optimising data collection

The acquisition parameters for experiments with M. smegmatis need to be carefully
selected to provide the best quality data. To this end, a series of experiments
qualitatively examining the impact of different parameters on the appearance of 3P
spectra of an M. smegmatis culture were conducted. As this work was performed prior
to the full development of the NMR airlift chamber, the culture was unstirred and

allowed to go anaerobic in a sealed tube for these experiments.
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One of the main parameters to consider is the repetition time (TR); the time between
scans. If a second RF pulse is applied before the population difference between spin
states has returned to its equilibrium value, then the magnitude of the overall
magnetisation vector rotated into the xy-plane will be smaller than that following
application of the first pulse. This results in the signal being truncated, thus why a
greater SNR is observed for longer TR values in figure 4.11. Furthermore, if different
31p_containing species in a sample have different T; values, then a short TR can result

in peak integrals being T1 weighted.
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Figure 4.11: 3'P NMR spectra (162 MHz) of M. smegmatis JR128 in Tris-SO4 buffer
recorded using different TRs, 2000 averages and a flip angle of 90°. The broad peak
found between 5 to 2 ppm is likely a combination of signals from AMP and P;, while

the peak at -10 ppm is due to another unidentified phosphorylated metabolite.

It is also important to consider the effect of averaging on the SNR. While a longer TR
may give a better SNR over the course of one scan, a shorter TR allows for a greater
number of averages to be recorded over the same total scan time. Finding the correct
balance between the TR and the number of averages was investigated through
examining data from spectra recorded using different numbers of averages and

different TRs but similar total scan times. Figure 4.12 shows data from three
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experiments, with total scan times of 10-13 minutes. In spite of the shorter TR, the
spectrum recorded using 4000 averages has a better SNR ratio compared to the other

two.
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Figure 4.12: 3'P NMR spectra (162 MHz) of M. smegmatis JR128 in Tris-SO4 buffer
recorded using different TRs and numbers of averages. The flip angle for all spectra

was 90°.

There may be some T1 weighting in the peak integrals at this lower TR which would be
problematic if absolute quantification of the metabolites was required. However,
comparing the ratios of the integrals of the Pi and ATP peaks between scans can still
provide sufficient information on changes in cellular energetics. Providing the same
scan parameters are used throughout experiments, using a shorter TR will not

negatively affect the validity of the data.

Upon comparison, the acquisition parameters that give the spectrum with the best
qualitative appearance are a TR value of 200 ms with 4000 averages. Once it has been
shown the NMR chamber can be used to collect NMR spectra on live cells, it will need
to be confirmed that these parameters are the most suited to monitoring

mycobacterial metabolism in response to treatment with BDQ.
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4.4. HIGH-RESOLUTION EXPERIMENTS

4.4.1. Low-resolution NMR versus high-resolution NMR

High-resolution NMR provides more detailed spectra than low-resolution NMR as it
allows visualisation of J-coupling. J-coupling refers to an effect in which the signal from
a spin-active nucleus is split of due to through-bond interactions with other spin-active

nuclei.

To explain this briefly, consider an example of a nucleus coupled to a single other
nucleus, both with | = % The magnetic field experienced by the first nucleus will be

impacted by whether the second nucleus is aligned with or against the applied
magnetic field. As the sample being studied will contain many molecules, both
possibilities will occur, resulting in the signal of the first nucleus being split into two (a
pattern known as a doublet). If the first nucleus is coupled to two nuclei, there are
now three possible alignments for the two nuclei with regards to the orientation of
the magnetic field. In this scenario, the signal from the first nucleus is split into three

peaks with a 1:2:1 ratio. Further splitting patterns follow Pascal’s triangle and can be
rationalised using the same logic as above. For spin-active nuclei where | > %, the

splitting pattern does not follow the rule given above, but coupling is much more
rarely observed. 3-bond coupling is the most common in *H NMR but J-coupling can

also occur through 2 or 4 bonds.

As J-coupling provides insight on the number of through-bond adjacent spin-active
nuclei, high-resolution NMR spectra can provide more detailed information on the
structures of the substances being studied. In cases where the structure is known, this

extra information makes the assignment of peaks in the spectra easier.

The wide-bore mode the NMR chamber was designed to work with is only suitable for
low-resolution spectroscopy. This is because the resolution is dependent on the
homogeneity of the magnetic field, with a high level of homogeneity needed for high-
resolution spectra. This level of homogeneity cannot be achieved over the whole
sample volume in wide-bore NMR, thus high-resolution spectra can only be obtained

on smaller samples. Oxygenation of a smaller sample is more challenging, especially
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as a higher density of cells would be needed to achieve the same signal strength as

could be acquired with a wide-bore setup.

While less suitable for studies on live, oxygenated cultures, high-resolution NMR can
be used to obtain reference spectra. During development of the NMR chamber, high-
resolution NMR spectra of standard solutions of phosphorylated metabolites were
collected. A spectrum of unoxygenated M. smegmatis cells was also acquired as

further proof of concept for using NMR to study mycobacteria.

4.4.2. High-resolution 3P NMR spectra of phosphorylated
metabolites

Initially, the aim of these experiments was to collect spectra of phosphorylated
metabolites at a concentration similar to that in the cell. A high-resolution 3P NMR
spectrum of ATP at a concentration of 10 uM contained only noise, likely due to the
low volume of sample required for high-resolution NMR combined with the low
concentration. As a much larger sample volume can be used in the wide-bore low-
resolution mode, this is not cause for concern with regards to obtaining data on
phosphorylated metabolite concentrations inside live cells. In order to ensure high-
resolution data could be collected, the concentration of all phosphorylated

metabolites studied was increased to 20 mM.

The metabolites were dissolved in a buffer solution containing 25 mM Bis-Tris
methane, 25 mM MOPS and 25 mM Tris-Cl and were made up to varying pHs to
demonstrate the influence of pH on the chemical shift of peaks in the spectra (figure
4.13). pH values of 6.7, 7.7 and 8.7 were selected for ATP, ADP and AMP and values of
6.2, 7.2 and 8.2 were selected for P, as the pKa value for
monoprotonated/diprotonated forms of P; is 6.8 (Slonczewski et al., 1981; Ackerman

et al.,, 1996).
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Figure 4.13: High-resolution 3P NMR spectra (162 MHz) of solutions of (A) ATP, (B)
ADP, (C) AMP and (D) P; at varying pHs.

The splitting patterns allow assignment of the peaks, with the triplet in figure 4.13Ain
the -21 to -23 ppm region belonging to the B-phosphorus in ATP. This phosphorus
atom couples to the a- and y-phosphorus nuclei, resulting in three peaks in the
spectra. The a- and y-phosphorus nuclei only couple to the B-phosphorus and not each

other, thus why they appear in the spectra as doublets.
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The peaks in the ATP spectra shift to the right as the pH decreases, with similar trends
being observed in ADP, AMP and P; spectra. For ATP and ADP, these changes further
aid the assignment of the peaks. The y-phosphorus in ATP and the B-phosphorus in
ADP are both bound to two oxygen atoms that can be protonated, while the other
phosphorus atoms in these molecules are only bound to one oxygen that can be
protonated. The magnetic field experienced by the y-phosphorus in ATP and the B-
phosphorus in ADP are therefore more affected by changes in pH, allowing the two to
be identified. The peak due to the y-phosphorus in ATP occurs between -6 and -9 ppm
over the pH range studied, while the signal from the B-phosphorus in ADP is the
doublet with a chemical shift between -5 and -8.5 ppm. This leaves the peaks around
-11 to -12 ppm in the ATP spectra as being the signals from the ATP a-phosphorus
nuclei, while the peaks around -11 to -12 ppm in the ADP spectra are the signals from

the ADP a-phosphorus nuclei.

Several small peaks due to impurities are visible in the ADP spectra between 4 and 0.9
ppm. As these peaks are present in all samples, they are likely due to some
degradation of the stock powder, with the chemical shifts being similar to those of
AMP and Pi. These spectra provide a useful reference for assignment of peaks in
spectra collected from cells using both high-resolution and low-resolution NMR. They
also show the impact of pH on the chemical shift values of phosphorylated

metabolites and how this could be capitalised upon to determine the pH inside cells.

4.4.3. High-resolution 3P NMR spectra of M. smegmatis

On the first attempt to acquire a high-resolution spectrum of M. smegmatis, cells were
grown to exponential phase, washed, concentrated and resuspended in phosphate
free buffer in order to prevent a large signal in the spectrum from phosphate in the
media. This resulted in no peaks being visible in the acquired spectrum, likely due to
the removal of media and carbon source resulting in the arrest of respiration. The
subsequent cell death meant levels of phosphorylated metabolites were depleted

early in the 4-hour course of the experiment.

The experiment was repeated, this time without washing cells and with the addition

of growth media prior to placing cells in the NMR machine (figure 4.14). The spectrum
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acquired contains a large Pi peak at 1 ppm with smaller peaks visible in the 4 to 2 ppm
and -6 to -12 ppm regions. The peaks in the M. smegmatis spectrum do not clearly
match those of the isolated phosphorylated metabolite spectra. This forced
consideration of the state of phosphorylated metabolites in cells versus in buffer

solution.

In vivo, ATP and ADP will chelate a cation, usually magnesium as it is one of the most
abundant metal cations in cells (Kleczkowski and Igamberdiev, 2021). This chelation
will affect the electron density, and thus the relative strength of the magnetic field,

around the phosphorus nuclei, impacting chemical shift.
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Figure 4.14: High-resolution 3'P NMR spectrum (162 MHz) of M. smegmatis cells with
a scaled-up section to view peaks due to phosphorylated metabolites other than P;.
The peak at -11 ppm was assigned using data from literature (Slonczewski et al., 1981).
It is likely the peak from 4 to 2 ppm is due to a mixture of AMP and other
phosphorylated metabolites, possibly PMEs (Satre et al., 1989).

The isolated phosphorylated metabolite spectra were recollected with the addition of
40 mM magnesium chloride (figure 4.15). These spectra were then compared to the
data collected from M. smegmatis. Peaks in the ADP spectrum collected at pH 6.7 with
magnesium chloride added match those at -7 ppm and -10 ppm in the M. smegmatis

spectrum. The lack of a peak at -20 ppm indicates there is little to no ATP present in
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the cells. This is likely due to the lack of sufficient oxygenation preventing ATP

production by oxidative phosphorylation over the course of the experiment.
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Figure 4.15: High-resolution 3P NMR spectra (162 MHz) of solutions of (A) ATP, (B)
ADP, (C) AMP and (D) P; at varying pHs, with all containing 40 mM magnesium chloride

to better mimic conditions inside cells.

The peak between 4 ppm and 2 ppm in the M. smegmatis spectrum is in the same

region as the peak in the AMP spectrum at pH 6.7. A signal from AMP likely makes up
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part of this peak but the broadness suggests signals from other phosphorylated
metabolites may also be present in this region, possibly PMEs based on the chemical
shift (Satre et al., 1989). The presence of overlapping signals prevents the use of NMR
to quantify AMP in M. smegmatis cells. It is possible this could be resolved by proper
identification of these metabolites, followed by recording of reference spectra and

use of deconvolution techniques to determine the contribution from AMP.

While it is not possible to use high-resolution NMR to investigate antibiotic
mechanisms in live cells due to the oxygenation issue, although it is possible a
perfusion system may be used to allow this, these data provide a framework for future
NMR studies. The high-resolution reference spectra can be used to identify peaks due
to the individual phosphorus nuclei in ADP and ATP as a result of splitting patterns and

changes in chemical shift with pH.

4.5. FUTURE WORK

As discussed previously, development of equipment and methods to perform NMR
studies on live bacteria was originally undertaken with the intention of using the
technique to aid in unravelling the mechanism of BDQ. As work with the bioenergetic
chamber progressed, it became clear the visible-wavelength remission spectra and
OCR measurements recorded using the chamber would be sufficient to prove and
explain the immediate effects of BDQ binding to ATP synthase. The result of this is
that translation of the work outlined in this chapter into performing 3P NMR
measurements on oxygenated cell cultures was not achieved within the time
constraints of the project. However, there remains substantial potential for future
work, particularly on understanding the finer details of how BDQ affects the

phosphorylation potential in living cells.

Current research on the impact of BDQ on ATP levels in mycobacteria relies on quench
and measure techniques, as opposed to the live cell measurements that are possible
with NMR. Measurements of ATP/ADP ratios and ApH using NMR would provide
further support for the direct ATP synthase inhibition mode of action. The NMR

chamber could also be used to investigate the effects of other anti-TB drugs that target
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bioenergetics. This has the potential to be expanded further to study more bacterial

species.

The first step in implementing these ideas is moving onto performing NMR
experiments using the NMR chamber. Prior to collecting spectra on oxygenated cells,
the effect of using the airlift system to mix and oxygenate cultures on the quality of
the spectra obtained must be investigated. This could be done by using a standard
solution of a phosphorylated metabolite (i.e. Pi) and comparing the peak width of the
signal obtained with and without bubbling air through the NMR chamber. As the air
bubbles in the chamber are introduced above the sample contained within the coil,
the air bubbles themselves should not impact the homogeneity of the magnetic field,
but too vigorous mixing could affect the quality of the spectra. If the peaks in spectra
obtained with bubbling are noticeably broader than those without, then operation of
the chamber will need to be changed. Rather than using a continuous flow of air, a
change could be made to the system where air is bubbled through into the chamber,
turned off for the period of one NMR scan and then restarted. As NMR scan time is
usually on the scale of milliseconds, this should limit disruption to the quality of the

spectra while ensuring cells remain oxygenated.

Once this has been resolved, the NMR chamber can be used to record spectra of live
cells. Quantification of phosphorylation ratios could be achieved by acquiring spectra
of phosphorylated metabolites in buffer solution in the NMR chamber and using
deconvolution techniques to separate out signal contributions from ATP, ADP and
AMP. ApH measurements could be made via inclusion of a reference capillary
containing a standard solution of MeP and comparing this to the signals from Pjic and

Piec-

Having the means to conduct NMR experiments on live cell cultures has the potential
provide further insights into cells. The NMR chamber would be suitable for use in 3!P
MT experiments, providing a means of determining the rate of ATP production in live
cells. Studies on cell metabolism could be achieved with *C NMR via the use of 13C-
labelled carbon sources. The same methodology can also be applied to the study of

other obligately aerobic bacteria of interest.
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5. CONCLUSIONS

This thesis has dealt with the development of non-invasive techniques to investigate
bioenergetics in live mycobacteria. Visible-wavelength remission spectroscopy is a
powerful tool for observing changes in cytochrome oxidation state, especially when

combined with OCR measurements as is possible with the bioenergetic chamber.

In comparison to the more established Seahorse XF Analyser, which is also used in the
non-invasive study of live cells, the bioenergetic chamber allows for a deeper insight
into bioenergetic processes but does not render the Seahorse XF Analyser obsolete.
Both use oxygen-sensitive fluorescence to measure the OCR of cells in liquid media,
with the advantages of this over using a conventional Clark electrode to measure OCRs
being discussed in section 3.1.2 (Ferrick, Neilson and Beeson, 2008; Chacko et al.,
2013; Rocha and Springett, 2019). Both also share the same disadvantage with regards
to mycobacterial research, in that they are not suitable for use with macrophage

infection models.

The Seahorse XF Analyser contains a proton sensitive fluorophore and can be used to
monitor proton efflux alongside oxygen consumption (Ferrick, Neilson and Beeson,
2008; Chacko et al., 2013). The bioenergetic chamber, however, records cytochrome
spectra, allowing an insight into changes in cytochrome oxidation state (Rocha and
Springett, 2019). From this, if reference spectra for the organism under study are
available, and it is possible to fully reduce and oxidise the cytochromes in the ETC over
the course of an experiment, AW can be determined (Kim, Ripple and Springett, 2012).
Analysis of data from the bioenergetic chamber is more involved and be can be
confounded by a greater number of factors, such as cell morphology and pigment
production or loss, compared with the Seahorse XF Analyser (Ferrick, Neilson and
Beeson, 2008; Chacko et al., 2013; Rocha and Springett, 2019). Thus, the Seahorse XF
Analyser is ideal if only monitoring of OCR and/or proton efflux is required. The
bioenergetic chamber is more suited to detailed studies of the oxidative
phosphorylation system, especially if work on isolated proteins from the organism in

guestion is being conducted alongside live cell experiments.
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The bioenergetic chamber had previously only been used with mammalian cell
cultures, and thus a protocol for working with M. smegmatis and M. tuberculosis was
developed. To make physiologically relevant measurements required that
mycobacteria were grown in the right conditions and the cultures suitably prepared.
Inclusion of a detergent in media resulted in low susceptibility of M. smegmatis to the
protonophore CCCP. This was likely due to CCCP dissolving into the hydrophobic phase
created by the detergent and lowering the effective concentration cells were exposed
to. Washing and resuspending cells in HEPES buffer solution prior to loading them into
the bioenergetic chamber effectively solved this issue, however it also resulted in no
effects being observed when cells were exposed to the ionophore nigericin, and in
variable changes in OCR depending upon the salt included in the buffer. Resuspension

in growth media without the inclusion of a detergent solved both of these issues.

The OCR of M. tuberculosis was found to be significantly lower than that of M.
smegmatis, indicating the slower growth rate of M. tuberculosis is related to a lower
respiratory rate as opposed to a less efficient system. Use of samples with a similar
ODeoo to that of M. smegmatis samples resulted in the OCR of M. tuberculosis cells
being too low to be reliably measured by the bioenergetic chamber. Growth of cells
to a higher ODeoo (>1) led to the presence of a haem-containing pigment in samples,
the absorbance of which overlapped with the those of the ETC cytochromes.
Therefore, M. tuberculosis cells were concentrated during the wash and resuspension

process to achieve a higher OCR.

Currently, there are a dearth of chemical effectors to modulate bioenergetic systems
in vivo. A set of known metabolic inhibitors and protonophores/ionophores were
investigated for activity against M. smegmatis using the bioenergetic chamber. The
original hope for this work was to find an inhibitor or combination of inhibitors that
could be employed to fully oxidise the cytochromes in the mycobacterial ETC. When
combined with a fully reduced reference point and model mycobacterial cytochrome
spectra, this could be used to quantify changes in cytochrome oxidation state as well
as calculate changes in AW (Kim, Ripple and Springett, 2012). The NDH-2 inhibitor,
TFPZ, was selected as the most promising candidate to oxidise the ETC of M.

smegmatis. Preliminary AW measurements were made using CCCP to induce changes
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in AW, however these expected changes were not observed in the AW trace produced
by the bioenergetic chamber. This led to the conclusion that either incomplete
oxidation of the cytochromes following treatment with TFPZ or errors in cytochrome
signal fitting/midpoint potential values were responsible and would need to be
rectified to allow quantitative cytochrome measurements. Due to difficulty in
obtaining isolated cytochrome reference spectra, it was decided data from the
bioenergetic chamber should be examined qualitatively until a method for generating

accurate reference spectra is found.

Having a protocol for preparing samples of mycobacterial cells for use with the
bioenergetic chamber, as well as a library of compounds that affect the oxidative
phosphorylation system of the model organism M. smegmatis, enables many future
studies on mycobacterial bioenergetics. Previous studies have relied upon the
Seahorse XF Analyser/Clark electrode, working with simplified systems such as IMVs
or techniques that require lysis of cells (Hards et al., 2015; Lamprecht et al., 2016;
Hards et al., 2018; Wang et al., 2019; Mackenzie et al., 2020). None of these
techniques have been able to elucidate the mode of action of the important antibiotic
BDQ in M. tuberculosis, demonstrating the need for this new method of studying
mycobacteria. Thus, in order to showcase the potential power of the bioenergetic
chamber, the protocols developed for studying mycobacteria using the chamber were

applied to the study of BDQ's mode of action.

The effects of BDQ on the mycobacterial oxidative phosphorylation system were first
explored in M. smegmatis. When nanomolar concentrations of BDQ were added to
M. smegmatis, reduction of the b and ¢ cytochromes was observed alongside a slight
increase in OCR. Repeating this experiment with a mutant that harboured a point
mutation in the c-ring, which should render it resistant to BDQ, demonstrated these
effects are reliant on BDQ being able to bind to ATP synthase. This increase in OCR on
BDQ addition to M. smegmatis and M. tuberculosis has been previously reported
(Hards et al., 2015; Lamprecht et al., 2016), and has been used as evidence for BDQ
acting as a protonophore or ionophore (Hards et al., 2015; Hards et al., 2018).
However, the observation that this is accompanied by reduction of the b and ¢

cytochromes is novel.
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Use of the bioenergetic chamber allowed comparison of changes in cytochrome
oxidation and OCR on addition of BDQ versus the known ATP synthase inhibitor DCCD,
as well as known protonophore/ionophores, CCCP and nigericin. BDQ’s effects are
most similar to those observed with DCCD, with a modest increase in OCR and
reduction of the b and ¢ cytochromes occurring on addition of either compound.
Addition of CCCP and nigericin led to oxidation of the b and c¢ cytochromes,

demonstrating they operate differently from BDQ

The increase in OCR on BDQ or DCCD addition is counterintuitive to the action of direct
ATP synthase inhibitors. It was hypothesised that this may be due to an increase in
activity of the non-proton pumping cytochrome bd oxidase, which is less susceptible
to backpressure resulting from ATP synthase inhibition than the supercomplex. A
similar theory had previously been investigated by Lamprecht et al. (2016) using an
M. tuberculosis knockout strain (cydKO), however rather than lacking the genes for
cytochrome bd oxidase (cydAB), the strain used lacked the genes for an ABC
transporter (Arora et al., 2014; Aung, Berney and Cook, 2014). No differences were
observed when treating cydKO with BDQ compared with M. tuberculosis H37Rv so the
theory was discounted (Lamprecht et al., 2016). Through experiments with a M.
smegmatis AcydAB strain, this work was able to show the increase in OCR on BDQ
addition is due to increased electron flux through cytochrome bd oxidase, as there is

a sharp drop in the OCR of M. smegmatis AcydAB cells when BDQ is added.

To translate these results to the real pathogen, the action of BDQ on BSL-2 compatible
strains of M. tuberculosis was explored (mc?6206 and mc?6230). BDQ has similar
effects on M. tuberculosis as observed in M. smegmatis although changes in
cytochrome oxidation state and OCR occur more slowly, with the increase in OCR
ultimately being of a greater magnitude. This can be explained by higher amounts of
cytochrome bd oxidase being present in the ETC. In an M. tuberculosis cytochrome bd
oxidase knockout strain derived from mc?6230 (M. tuberculosis AcydAB), an increase
in OCR is observed with nanomolar concentrations of BDQ, although it is still lower
than that observed in mc?6230. This may due to a difference in the utilisation of NDH-

1 versus NDH-2 in M. tuberculosis and M. smegmatis. Rerouting of electrons through
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the non-proton pumping NDH-2 instead of the proton-pumping NDH-1 would achieve

a similar effect as routing electrons through cytochrome bd oxidase.

There is a proposal that BDQ acts differently when raised to micromolar
concentrations (Hards et al., 2018; Guo et al., 2021), therefore experiments with M.
smegmatis and M. tuberculosis were repeated at micromolar concentrations. Few
differences were observed between the two concentrations, with the higher
concentration in M. tuberculosis resulting in more rapid but similar effects in the
mc?6230 strain and a decrease in OCR in the cytochrome bd knockout strain. This
demonstrates BDQ acts predominantly as a direct inhibitor of ATP synthase regardless

of concentration.

Prior to this work, the matter of whether BDQ acts as direct inhibitor of ATP synthase
or as a protonophore or ionophore had not been proven (Lamprecht et al., 2016;
Hards et al., 2018; Courbon et al., 2023). Due to the level of insight into live cells
provided by the bioenergetic chamber, the results summarised here and discussed
further in chapter 3 provide solid evidence that BDQ's mode of action is ATP synthase
inhibition. Precisely how this leads to bacterial cell death is currently still unclear, but
by establishing the mode of action of BDQ, the groundwork has been laid for future

research in this area.

In terms of the implications of having an established mode of action for BDQ, it
enables a more thorough evaluation of potential combination therapies (both with
existing and future antibiotics). In addition, this knowledge allows for theories on the
likely modes of action of second-generation compounds TBAJ-587 and TBAJ-876,
although further experiments with the bioenergetic chamber would be needed to
explicitly prove them. The finding that the increase in OCR on BDQ addition is
dependent on cytochrome bd oxidase also highlights this complex as a potential target

for future antibiotics to be used with BDQ.

While the bioenergetic chamber provides a significant insight into live cells, it does not
give a complete picture of all bioenergetic processes. A thorough review of the
applications of 3P NMR in live cell work, a technique not yet applied to the study of

mycobacteria, was conducted, with the aim of applying this knowledge to the study
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of BDQ. Of particular interest in its potential use to study the effects of BDQ is the
ability to monitor ATP/ADP ratios and measure changes in ApH. A design for a chamber
that could be used to supply mycobacterial cultures with oxygen and sufficiently mix
them inside an NMR machine without compromising the quality of the NMR spectra
was developed based on the airlift systems found in literature. Through iterative
design, this chamber was realised and its ability to sustain growth of an M. smegmatis

culture was demonstrated.

Initial wide-bore 3P NMR experiments on an unoxygenated culture of M. smegmatis
were performed to qualitatively investigate the most suitable acquisition parameters
to use with live cultures. High-resolution NMR was used to acquire a detailed 3P NMR
spectrum of unoxygenated M. smegmatis cells and signals due to phosphorylated
metabolites were assigned using a mixture of reference spectra and data from
literature. In order for spectra of isolated ATP, ADP and AMP to resemble the signals
from cells, they must be recorded in the presence of magnesium ions, as in cells these
compounds chelate magnesium. This method of investigating bioenergetics was not
able to be applied to the mechanism of BDQ due to time constraints, but this remains

as a future possibility using the work presented here.

The suitability of the NMR chamber for use in performing 3P NMR on live
mycobacteria has yet to be proven and the steps required for this are outlined in
section 4.5. Once this has been established, it is possible the NMR chamber could be
combined with the bioenergetic chamber to create a system that would allow
simultaneous measurements of OCR, cytochrome oxidation state and changes in
levels of phosphorylated metabolites. Such a system would be extremely powerful in
the study of live cells, however its assembly would not be trivial due to the issue of
being unable to have magnetic metals within the vicinity of the NMR machine. Fibre-
optic cables could be used to allow the recording of remission spectra, with these
cables running through the lid of the NMR chamber and being held in place by the

upper plastic ring supporting the inner tube.

With the current design of the NMR chamber, addition of compounds to the culture

within requires disassembly of the apparatus. This is not ideal if the NMR chamber is
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combined with the bioenergetic chamber as it would mean data could not be recorded
around the time of each addition. This could potentially be mitigated by switching to
an NMR/MRI machine with a larger space for samples, as this would allow
manipulation of the chamber while within the detection coil, as well as fitting a lid

with a port for the addition of compounds.

Overall, the work presented here demonstrates both the power and challenges of live
cell methods for studying mycobacterial bioenergetics. Use of live cells prevents
concerns over the impact of lysing cells on the systems under study, however it is true
neither of the methods discussed here, remission spectroscopy and 3!P NMR, could
be used to study mycobacteria within infected cells/organisms. Despite this, the
strengths of the bioenergetic chamber were demonstrated through its use to
elucidate the mode of action of BDQ, something that has not been achieved in the
two decades since the drug’s discovery using conventional methods (Andries et al.,
2005; Courbon et al., 2023). 3P NMR remains a potential means of further exploring

BDQ's impact on cells, as well as studying mycobacterial bioenergetics more generally.
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7. APPENDIX

Complete list of bioenergetic chamber experiments conducted after the

Table 1.A

protocol of washing cells had been established.

Exp no. Organism
1 M. smegmatis
2 M. smegmatis
3 M. smegmatis
4 M. smegmatis
5 M. smegmatis
& M. smegmatis

Strain
JR128
JR128
JR128

JR128
JR128

JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
JR128
me2155
mec2155
me2155
me2155
me2155
me2155
mc2155
mc2155
mc2155
mec2155

Tween 80

Media %o Carbon source  ODggg

THS 0.05 Glycerol 091
THS 0.05 Glycerol 162
THS 0.05 Glycerol 244
THS 0.05 Glycerol 207
THS 0.05 Glycerol 23
THS 0.05 Glycerol unreconded
THS 0.05 Glycerol 124
THS 0.05 Glycerol 226
TH3 0.05 Glycerol 326
THS 0.05 Glycerol 339
THS 0.05 Glycerol 191
THS 0.05 Glycerol 252
THS 0.05 Glycerol 119
THS 0.05 Glycerol 169
THS 0.05 Glycerol 252
THS 0.05 Glycerol 168
THS 0.05 Glycerol 236
THS 0.05 Glycerol 175
TH3 0.05 Glycerol 23
TH3 0.05 Glycerol 0.9
THS 0.05 Glycerol 177
THS 0.05 Glycerol 262
THS 0.05 Glycerol 188
THS 0.05 Glycerol 27
THS 0.05 Glycerol 218
THS 0.05 Glycerol 179
THS 0.05 Glycerol 123
THS 0.05 Glycerol 199
THS 0.05 Glycerol 1689
TH3 0.05 Glycerol 219
THS 0.05 Glycerol 244
THS 0.05 Glycerol 249
THS 0.05 Glycerol 292
THS 0.05 Glycerol 1.1
THS 0.05 Glycerol 196
THS 0.05 Glycerol 243
THS 0.05 Glycerol 3
THS 0.05 Glycerol 215
THS 0.05 Glycerol 25
THS 0.05 Glycerol 315
TH3 0.05 Glycerol 202
THS 0.05 Glycerol 266
THS 0.05 Glycerol 1.38
THS 0.05 Glycerol 212
THS 0.05 Glycerol 251
THS 0.05 Glycerol 1.36
THS 0.05 Glycerol 185
THS 0.05 Glycerol 24
THS 0.05 Glycerol 252
THS 0.05 Glycerol 304

mL ot

culture

taken

Compounds added

S Trifluoperazine (TFPZ)

S Trifluoperazine

5 Trifluoperazine

5 Trifluoperazine

S Thioridazine (TRZ)

5 Thioridazing

5 Rotenone, 3NP, TRZ

5 CCCP, TPZ, 3NP
2.5 Rotenone, MaMal, TRZ
2.5 Rotenone, MaMal, TRZ

5 DCCD, CCCP

S BDQ, CCCP, TRZ

S BDQ, CCCP, TRZ

5 MNUA: Glycerol only

5 BDQ, CCCR, TRZ

5 FCCP, TRZ

5 CFZ, TRZ

5 FCCP, TRZ

5 CFZ, TRZ

5 Migericin, FCCP, TRZ

5 Valinomycin, TRZ Rotenone

S CCCP, TRZ

S Antimycin A, TRZ

S BDQ, TRZ

S Valinomyein, K2504, TRZ

5 BDQ, K2504,TRZ

5 BDQ

5 BDQ, TRZ

5 BDQ, TRZ

2 Migericin, TRZ

5 Valinomycin, TRZ

5 Gly only

5 Migericin, TRZ

S BDQ, TRZ

S BDQ, TRZ

5 Valinemyein, TRZ

5 Valinomycin, TRZ

5 Gly and Pi solution

5 Venturicidin, TRZ

5 Venturicidin, TRZ

S Gly, TRZ

S BDQ, TRZ

STRZ

S BDQ, TRZ

Concentrations
20 pM to 80 pM
200 pM to 800 pM
200 pM to 500 pM

200 pM to 500 pM
180 uM to 540 ph

720 uM to 1080 pM

1 pM, 1 mM, 360-1080 uM
0.04-160 pM, 1080 pM, 1 mM
1 M, 1 mM, 360-1080 uM

1 pM, 1 mM, 360-1440 M
100-500 pM, 25 pM

150-1500 nM, 100 pM, 720 pM
4.5-885nM, 10-20 pM, 360 pM
10uL of 70% G

150-1500 nM, 100 pM, 720 pM
0.5-40 pM, 720 uM

0.75-30 pM, 360 uM

5nM - 20 pM, 360 pM
0.75-273 nM, 360 uM

SnM - 20 pM, 1 uM, 360 uM
SnM - 100 pM, 350 pM, 2 pM
10 nM - 20 pM, 360 M

1-6 pM, 40 - 360 pM
4.5-18nM, 360 pM

1 pM, 500 pM, 360 pM
4.5nM, 500-1000 pM, 360 pM
30 nM

30 nM, 360-720 pM

30 nM, 360-720 pM

1 M, 360-720 uM

1 pM, 360-720 pM

T0%, 10 pL

1 pM, 360-720 pM

30 nM, 360 pM

30 nM, 360 pM

1-2 pM, 360 pM

10 pM, 360 pM

70% 10 pL and 25.9 mM
2.5-10 pM, 360 pM

10 uM, 360 pM

10wl (70%), 360 pM

30 nM, 360 pM

360-720 pM

30 nM, 360pM

30-1500 nM, 360 pM

10 pL (70%), 360 pM

30 nM, 360-720 pM

10-200 pM, 360-720 pM
360-720 pM

30 nM, 360-720 pM

Date recorded
150672021
150672021
150672021

16/06/2021
160672021

16/06/2021
01/0772021
040772021
01/0772021
01/07/2021
16/08/2021
16/08/2021
1710872021
1710872021
1710872021
070972021
070972021
0a/02021
0&/0972021
00972021
02021
02021
16/0972021
16/0972021
1710972021
270972021
26/0972021
26/0972021
202021
29/09/2021
202021
IV092021
30/0972021
oMov2021
oMov2021
o202
151072021
o221
o021
o021
28/10/2021
281002021
21072021
2102021
21072021
01172021
011172021
01172021
041172021
041172021

Buffer

20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl

20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl

20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20mM HEPES, 150 mM NaCl
20mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM KCI

20 mM HEPES, 150 mM KCI

20 mM HEPES, 150 mM KCI

20 mM HEPES, 150 mM KCI

20 mM HEPES, 150 mM KCI

20 mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM KCI

20 mM HEPES, 150 mM KCI

20 mM HEPES, 150 mM NaCl
20mM HEPES, 150 mM NaCl
20 mM HEPES, 150 mM NaCl

20 mM HEPES, 150 mM NaCl, 50 mM Gly
20 mM HEPES, 150 mM NaCl, 50 mM Gly
20 mM HEPES, 150 mM NaCl, 50 mM Gly

20 mM HEPES, 150 mM KCI
20 mM HEPES, 150 mM KCI
20 mM HEPES, 150 mM KCI

20 mM HEPES, 150 mM KCI, 50 mM Gly
20 mM HEPES, 150 mM KCI, 50 mM Gly

232



B8 M. smegmatis
89 M. smegmatis
7O N/A buffer only
71 M. smegmatis
T2 M. smegmatis
T3 M. smegmatis
74 M. smegmatis
75 M. smegmatis
T8 M. smegmatis
77 M. smegmatis
78 M. smegmatis
79 M. smegmatis
B0 M. smegmatis
81 M. smegmatis
82 M. smegmatis
B3 M. smegmatis
B4 M. smegmatis
B5 M. smegmatis
B8 M. smegmatis
B7 M. smegmatis
B8 M. smegmatis
B9 M. smegmatis
S0 M. smegmatis
91 M. smegmatis
92 M. smegmatis
93 M. smegmatis

mc2155
me2155
mc2155
mc2155
me2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
me2155
mc2155

mc2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155
mc2155
me2155
mc2155

TH3
THI
TH3
TH3
TH3
TH3
TH3
THI
TH3
TH3
THa
TH3
TH3
THS
TH3
TH3
THS
TH3
THI

TH3
THI
TH3
TH3
THI
TH3
TH3
THa
TH3
TH3
THS
TH3
TH3
THS
TH3
THI
TH3
TH3
THa
TH3
TH3
THI
TH3
TH3
THS
TH3
THI
TH3
TH3
TH3
THS
TH3
THI
TH3
TH3
THa
TH3
TH3
THI

0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral

0.05 Glycerol
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0,05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glucose
0.05 Glucose
0.05 Glucose
0.05 Glucose
0.05 Glucose
0.05 Glucose
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol

361
148
23
305
2
182
249
254
219

23
284
147
144
158
181
144
144
207
1.16

unrecorded
unrecorded
unrecorded
141

11

129

134

1.14

1.14
114
161
151
146
154
155
127
136

16
107
125
0.96
141
142
145
1.3
133

161
1.09
112
104
103
14
155
132
117

15

21

5 BDQ, TRZ
5 BDQ, TRZ
5 Venturicidin, TRZ
25 BDQ, TRZ
5 Venturicidin, TRZ
5 DCCD, TRZ
5 FCCP, TRZ
5 FCCP, TRZ
5 BDQ, TRZ
5 BDQ, TRZ
5 FCCP
5 FCCP
5 FCCP, TRZ
5 BDQ, TRZ
5 Venturicidin, TRZ
5 Venturicidin, TRZ
4 DCCD, TRZ
4 EtOH, TRZ
5 EtOH
5 EtCH
5 EtOH
5 EtCH
5 EtOH
5TRZ
5 DMS0, TRZ
5 TRZ
5 TRZ
5 EtOH, TRZ
5 EtOH, TRZ
5 BDQ in EtOH, TRZ
5 BDQ in DM30, TRZ
5 DCCD in EtOH, TRZ
5 DCCD in DMSO, TRZ
5 FCCP, TRZ
5 BDQ, TRZ
5 BDQ, TRZ
5 FCCP, TRZ
5TRZ
5 BDQ in EtOH, TRZ
5 Venturicidin, TRZ
5 EtOH, TRZ
5 DCCD, TRZ
5 TRZ
5 FCCP, TRZ
5 BDQ in EtOH, TRZ
5 DCCD, TRZ
5 EtOH, TRZ
5 Venturicidin, TRZ
5 BDQ in EtOH, TRZ
5 BDQ in EtOH, TRZ
5 FCCP, TRZ
5 DCCD, TRZ
5TRZ
5 EtOH, TRZ
5 EtOH, TRZ
5 Venturicidin, TRZ
5 BAM15, TRZ
5 BAM1S, TRZ
5 Migericin, TRZ

30-1500 nM, 360-720 pM
30 nM, 360-720 M

10 uM, 360 pM

30 nM, 360-720 M

10 pM, 360-720 pM
1-100 pM, 360-720 pM
1-5 M, 360-720 pM

1-5 pM, 360-720 pM
30-1500 nM, 360-720 uM
30-1500 nM, 360-720 uM
1M

1 pM

1-5 M, 360-720 pM
30-1500 nM, 360-720 uM
10 pM, 360 pM

10 pM, 360-720 pM

10 uM, 360-720 pM

10 pL, 360-720 pM
10uL

10uL

10 pL

10uL

10uL

360-720 pM

10-20 pL, 260-720 pM
360-720 pM

360-720 pM

10-20 pL, 260-720 pM
10-30 pL, 360-720 pM
30-1500 nM, 360-720 uM
30-1500 nM, 360-720 uM
10-50 pM, 360-720 pM
10-50 pM, 360-720 pM
1-5 pM, 360-720 pM
1.5-3 pM, 360-720 pM
30-2400 nM, 360-720 uM
1-5 pM, 360-720 pM
360-720 pM

30-1500 nM, 360-720 uM
10 uM, 360-720 uM
10-20 pL, 360-720 pM
10-50 pM, 360-720 pM
360-720 pM

1-5 M, 360-720 pM
30-1500 nM, 360-720 uM
10-50 pM, 360-720 pM
10-20 L, 260-720 pM
10 uM, 360-720 pM
30-1500 nM, 360-720 uM
30-1500 nM, 360-720 uM
1-5 pM, 360-720 pM
10-50 pM, 360-720 pM
360-720 pM

10-20 pL, 360-720 pM
10-20 pL, 360-720 pM
10 uM, 360-720 pM

1 nM - 15 pM, 360-720 uM
1-15 pM, 360-720 pM
1-5 pM, 360-720 pM

04#11/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
05/11/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
05/11/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
051172021 20 mM HEPES, 150 mM KCI, 50 mM Gly
19/11/2021 20 mM HEPES, 150 mM MaCl, 50 mM Gly
1911/2021 20 mM HEPES, 150 mM NaCl, 50 mM Gly
241172021 20 mM HEPES, 150 mM NaCl, 50 mM Gly
2511/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
26/11/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
261172021 20 mM HEPES, 150 mM NaCl, 50 mM Gly
02/12/2021 THS Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
061272021 THY Mimic pH = 740, 50 mM Gly, no Fe or Cu
DEM272021 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
06/12/2021 THS Mimic pH = 740, 50 mM Gly. no Fe or Cu
O7/12/2021 THS Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
07/12/2021 THS Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
08/12/2021 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
081272021 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
18/01/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
18/01/2022 THI Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
1800172022 Cells taken direct from culture:

18/01/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
18/01/2022 THS Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
1901/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
19/01/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
20¥01/2022 THY Mimic pH = 7.40, 50 mM Gly

20¥01/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
20¥01/2022 THS Mimic pH = 7.40, 50 mM Gly. no Fe or Cu
240172022 THY Mimic pH = 7.40, 50 mM Gly

240172022 THY Mimic pH = 7.40, 50 mM Gly

24/01/2022 THS Mimic pH = 7.40, 50 mM Gly

25/01/2022 THS Mimic pH = 7.40, 50 mM Gly

250172022 THY Mimic pH = 7.40, 50 mM Gly

25/01/2022 THS Mimic pH = 7.40, 50 mM Gly

28/01/2022 Cellz taken direct from culture

28/01/2022 Cells taken direct from culture

02/02/2022 THS Mimic pH = 6.60, 50 mM Gly

02/02/2022 THS Mimic pH = 6.60, 50 mM Gly

02/02/2022 THS Mimic pH = 6.60, 50 mM Gy

03022022 THY Mimic pH = 6.60, 50 mM Gly

002/2022 THS Mimic pH = 6.60, 50 mM Gly

0302/2022 THS Mimic pH = 6.60, 50 mM Gy

O7¥04/2022 THY Mimic pH = 6.60, 50 mM Gly

O7¥04/2022 THY Mimic pH = 6.60, 50 mM Gly

07/04/2022 THS Mimic pH = 6.60, 50 mM Gy

08/04/2022 THY Mimic pH = 6.60, 50 mM Gly

08/04/2022 THS Mimic pH = 6.60, 50 mM Gly

08/04/2022 THS Mimic pH = 6.60, 50 mM Gly

13/04/2022 THI (Sigma) pH = 6.60, 50 mM Gly
13/04/2022 THI Mimic pH = 6.60, 50 mM Gly

14/04/2022 TH3 (Sigma) pH = 6.60, 50 mM Gly
14/04/2022 THY (Sigma) pH = 6.60, 50 mM Gly
14/04/2022 THY (Sigma) pH = 6.60, 50 mM Gly

Sigma) pH = 6.60, 50 mM Gly
05/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly
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110 M. smegmatis
111 M. smegmatis
112 M. smegmatis
113 M. smegmatis
114 M. smegmatis
115 M. smegmatis
116 M. smegmatis
117 M. smegmatis
118 M. smegmatis
119 M. smegmatis
120 M. smegmatis

121 M. smegmatis
122 M. smegmatis
123 M. smegmatis
124 M. smegmatis
125 M. smegmatis
126 M. smegmatis
127 M. smegmatis
128 M. smegmatis
129 M. smegmatis
130 M. smegmatis
131 M. smegmatis

132 M. smegmatis
133 M. smegmatis

134 M. smegmatis

135 M. smegmatis
136 M. smegmatis
137 M. smegmatis
138 M. smegmatis

139 M. smegmatis
140 M. smegmatis
141 M. smegmatis

142 M. smegmatis
143 M. smegmatis
144 M. smegmatis
145 M. smegmatis
146 M. smegmatis
147 M. smegmatis
148 M. smegmatis
149 M. smegmatis
150 M. smegmatis

LcydABAB THO
heydABAB THI
heydABAB THS
AeydABAB THS
LcydABAB THO
hoydABAB THS
AeydABAB THS
LcydABAB THO

mec2155

THS

AeydABAB THS
AeydABAB THS

mc2155

mc2155

mc2155

mec2155

mc2155

LB

LB

LB

LB

LB

ApED32V LB
ApED32V LB
ApED32V LB

me2155

mc2155

LB

LB

ApED32V LB
ApED32V LB

me2155

THS

ApED32Y THI
ApED32Y THI

mec2155
mec2155
me2155

mc2155

THS
THS
THS

TH3

ApED32Y THI
ApED32Y THY
ApED32Y THI

mc2155
me2155
mc2155
mc2155
mc2155
me2155
mc2155

THS
THS
THI
THS
THS
THS
THI

heydABAB THI

0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyeerol
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyeerol
0.05%
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05%
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05%
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05%
Tyloxapol D-arabinose
0.05 Glycerol

0.05 Glycerol + D-Ara

0.05 Glycerol + D-Ara
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol

0.05 Glycerol + D-Ara
0.05 Glycerol « D-Ara
0.05 Glycerol + D-Ara

0.05 Glycerol + D-Ara
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glyceral

A

1.4
13
1.4
1.1
1.6
112
1.01
0.88
074
1.16
065
088
108

117

132

15
141
112
11
121

12
1.04

1.1

119
068

08
0.88

0.66
1.1
1.08
1.29
157

1.9

3
23
22
3.2
21

5 BDQ in EtOH, TRZ
5 Venturicidin, TRZ
5 EtOH, TRZ

5 BAM1S, TRZ

5 BDQ in EtOH, TRZ
53 TRZ

5 DCCD, TRZ

5 Nigericin, TRZ

5 Valinomycin, TRZ
5 DCCD, TRZ

5 Venturicidin, TRZ

5 TRZ
5 EtOH, TRZ

5 BDQ in EtOH, TRZ
5 BAMMS, TRZ

5 BDQ in EtOH

5 BDQ in EtOH, TRZ
5 TRZ

5 BAM1S, TRZ

5 Venturicidin, TRZ
5 DCCD, TRZ

5 Venturicidin, TRZ

5 DCCD, TRZ
5 Oligomycin, TFPZ

5 EtOH, TFPZ

5 BDQ, TFPZ

5 Oligomycin, TFPZ
5 BAMI15, TFRZ

5 Piericidin A, TFPZ

5 BDQ, TFPZ
5 BAM1S, TFPZ
SVTR, TFFZ

5 DCCD, TFPZ
4 BDQ, BAM1S, TFPZ
4 BDQ, TFPZ
5 Nigericin, TFPZ
3.3 EtOH, TFPZ
4 BDQ, TFPZ
4 DCCD, TFPZ
33 TFPZ
5 BAM1S, TFPZ

30-1500 nM, 360-720 uM
10 uM, 360-720 M
10-20 pl, 360-720 pM
10 uM, 360-720 M
30-1500 nM, 360-720 uM
360.720 pM

10-50 pM, 360-720 ph
1-5 M, 360-720 uM

1-30 pM, 360-720 uM
10-50 pM, 360-720 ph
10 uM, 360-720 M

360-720 pM
10-20 pL, 360-720 uM
30-1500 N, 360-720 ph
10 uM, 360-720 uM
30-1500 Nt

30-1500 nM, 360-720 uM
360-720 pM

10 uM, 360-720 M

10 uM, 360-720 M
10-50 pM, 360-720 ph
10 uM, 360-720 uM

10-50 pM, 360-720 ph
1 M - 20 pM, 360-720 pM

20y, 360-720 pM

30-1500 nM, 360-720 uM
10 uM, 360 uM

10 uM, 360 M

1-20 uM, 360 UM

30-1500 nM, 360 M
10 uM, 360 uM
10 uM, 360 M

10-50 pM, 360 M

30 nM, 1-10 pM, 360 M
30-1500 n, 360 pM
1-5 pM, 360 pM

20 pL, 360-720 pM
30-1500 n, 360 pM
10-50 pM, 360 pM

360 uM

10 pM, 360 pM

12/05/2022 THS (Sigma) pH = 6.50, 50 mM Gly
12/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly
13/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly
13/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly
13/05/2022 THS (Sigma) pH = 6.50, 50 mM Gly
17/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly
17/05/2022 TH (Sigma) pH = 6.60, 50 mM Gly
17/05/2022 THS (Sigma) pH = 6.50, 50 mM Gly
18/05/2022 THS (Sigma) pH = 6.50, 50 mM Gly
18/05/2022 TH (Sigma) pH = 6.60, 50 mM Gly
18/05/2022 TH (Sigma) pH = 6.60, 50 mM Gly

19/08/2022 LB, pH = 7.20, 5 mM D-arabinose
19/0B/2022 LE, pH = 7.20, 5 mM D-arabinose
22/08/2022 LB, pH = 7.20, 5 mM D-arabinose
22/08/2022 LB, pH = 7.20, 5 mM D-arabinose
22/08/2022 THS (Sigma) pH = 6.60, 50 mM Gly
23/08/2022 LB, pH = 7.20, 5 mM D-arabinose
23/08/2022 LB, pH = 7.20, 5 mM D-arabinose
23/08/2022 LB, pH = 7.20, 5 mM D-arabinose
24/08/2022 LB, pH = 7.20, 5 mM D-arabinose
24/08/2022 LB, pH = 7.20, 5 mM D-arabinose
25/08/2022 LB, pH = 7.20, 5 mM D-arabinose

25/08/2022 LB, pH = 7.20, & mM D-arabinose
06/10/2022 THS (Sigma) pH = 6.60, 50 mM Gly

THS (Sigma) pH = 6.60, 50 mM Gy,
07/10/2022 5 mM D-Ara

THS (Sigma) pH = 6.60, 50 mM Gy,
0711072022 5 mM D-Ara
10/10£2022 THS (Sigma) pH = 6.60, 50 mM Gly
10/10/2022 THS (Sigma) pH = 6.60, 50 mM Gly
10/10/2022 THS (Sigma) pH = 6.50, 50 mM Gly

7HS (Sigma) pH = 6.60, 50 mM Gly,
11/10/2022 5 mM D-Ara

THS (Sigma) pH = 6.60, 50 mM Gy,
11/10/2022 5 mM D-Ara

THS (Sigma) pH = 6.60, 50 mM Gy,
11/10/2022 5 mM D-Ara

THS (Sigma) pH = 6.60, 50 mM Gy,
11/10/2022 5 mM D-Ara
03/11/2022 THS (Sigma) pH = 6.60, 50 mM Gly
04/11/2022 THS (Sigma) pH = 6.60, 50 mM Gly
04/11/2022 7HS (Sigma) pH = £.50, 50 mM Gly
04/11/2022 THS (Sigma) pH = 6.50, 50 mM Gly
11/11/2022 THS (Sigma) pH = 6.60, 50 mM Gly
11/11/2022 TH (Sigma) pH = 6.60, 50 mM Gly
11/11/2022 THS (Sigma) pH = 6.50, 50 mM Gly
17/11/2022 THS (Sigma) pH = .60, 50 mM Gly
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151 M. smegmatis
152 M. smegmatis
153 M. smegmatis
154 M. smegmatiz
155 M. smegmatis
156 M. smegmatis
157 M. tuberculosis
158 M. tubercudosis
159 M. tuberculosis
160 M. fuberculosis
161 M. tuberculosis
162 M. tuberculosis
163 M. tuberculosis
164 M. fuberculosis
165 M. tuberculosis
166 M. fuberculosis
167 M. tuberculosis
168 M. fuberculosis
169 M. tuberculosis
170 M. tubercudosis
171 M. tuberculosis
172 M. tuberculosis
173 M. smegmatis
174 M. smegmatis
175 M. smegmatis
176 M. smegmatis
ATT M. smegmatis
178 M. smegmatis
179 M. smegmatiz

180 M. smegmatis
181 M. smegmatis
182 M. smegmatis
183 M. smegmatiz
184 M. smegmatis

185 M. smegmatis
186 M. tuberculosis

187 M. smegmatis

188 M. smegmafis
189 M. smegmatis

190 M. smegmatis
191 M. smegmatis
192 M. smegmatis
193 M. fuberculosis
194 M. smegmatis
195 M. smegmatiz
196 M. smegmatis
197 M. smegmatis
198 M. smegmatis
199 M. tuberculosis
200 M. tuberculosis

AcydABAE THD
AcydABAE THD
AcydABAB THI
AcydABAB THI
AcydABAB THI
me2155  THI
mc26206 THI +L +P + OADC
mc26206 THI +L +P + OADC
me26206 THI +L +P + OADC
me26206 THI +L +P + OADC
mec26206 THI + L + P + OADC
me26206 THI +L + P+ OADC
mc26206 THI +L + P+ OADC
mc26206 THI +L + P+ OADC
mc26206 THI +L +P+ OADC
mc26206 THI +L +P + OADC
mc26206 THI +L +P + OADC
mc26206 THI +L +P + OADC
mec26206 THI + L + P + OADC
me26206 THI +L + P+ OADC
mc26206 THI +L + P+ OADC
mc26206 THI +L +P+ OADC
AcydABAB THI
AcydABAB THI
AcydABAB THI
AcydABAE THD
AcydABAE THD
me2155  THI
me2155  THI
mc2135  THI
mec21535  THI
me2155  THI
me2155  THI
me2155  THI
mc2155  THI
mec26206 THI +L +P + OADC
me2155  THI
me2155  THI
me2155  THI
mc2155  THI
mec21535  THI
me2155  THI
me26206 THI +L +P + OADC
me2155  THI
me2155  THI
mc2135  THI
AcydABAB THI
AcydABAB THI
mec26206 THI +L +P + OADC
me26206 THI +L +P + OADC

0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral

0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral

0.05 Glyceral
0.05 Glyceral

0.05 Glyceral

0.05 Glyceral
0.05 Glyceral

0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol

MiA

16
12
159
16
23
1.1
0.38
318
318
435
435
i1
in
in
077
082
178
077

o7
0.88
0.68

12

15
0.8
12

25

5 BDQ, BAM1S, TFPZ
5 EtOH, TFPZ
5 Valinomycin, TFPZ
5 Migericin, TFPZ
S TFPZ
S CHQAD
10 BAM1S
5 TFPZ
5 BDOQ
5 CHQAD
5 CHQAD
14 CHQAD, 3MP, TFPZ
14 70% Gly
14 70% Gly
20 70% Gly, BAM15, Na25204
20 70% Gly, BAM15, Na25204
20 70% Gly, BDQ
30 BDQ, TFPZ
30 BAMIS, TFRZ
30 Nigericin, TFPZ
30 DCCD, TFPZ
30 EtOH, TFRZ
5 BDQ, TFPZ
5 BAM15, TFPZ
5 EtOH, TFPZ
5 DCCD, TFPZ
S Migericin, TFPZ
5 BDQ, TFPZ
5 BDQ, TFPZ

5 BDQ, TFPZ
5 EtOH, TFPZ
5 Nigericin, TFPZ
5 BDQ, TFPZ
4 EtOH, TFPZ

5 Migericin, TFPZ
30 Valinomycin, TFPZ

5 BDQ, TFPZ

5 Nigericin, TFPZ

4 BDQ, K2504, TFPZ
BDQ, NaZS04, Migericin,

4 TFPZ

5 Na2504, Nigericin TFPZ

5 BDQ, Migericin, TFFZ

80 TFPZ

5 BDQ, BAM15 TFPZ

5 BDQ, K2504, TFPZ

4 BDQ in DMS0, TFPZ

10 BDQ in DMS0, TFPZ

5 BDQ, TFPZ

30 BDQ, BAM1S, TFPZ

30 BDQ in DMS0, TFPZ

30 nM, 1-10 pM, 360 pM
20 L, 360-720 uM
1-30 uM, 360-720 uM
1-5 pM, 360 pM

360 M

0.1-32.8 pM

10 uM

360 uM

30-1500 nM

0.4-2 uM

212 pM

2-12 pM,_ 50 pM, 360 pM
10l

10l

10 uL, 10 uM

10 uL, 10 uM

10 pL, 30-1480 nM
30-1500 nM, 360-720 uM
1-20 uM, 360-720 uM
1-5 pM, 360 pM

10-50 pM, 360 pM
10-20 pL, 360 pM
30-1500 nM, 360 uM

10 pM, 360 pM

10-20 pL, 360 pM
10-50 pM, 360 uM

1-5 uM, 360 pM
30-1500 nM, 360 pM
30-1500 nM, 360 pM

30-1500 nM, 360 pM
10-20 pL, 360 uM
1-5 M, 380 pM
30-1500 nM, 360 pM
10-20 pL, 360 pM

1-5 UM, 360 pM
10-60 pM, 360 uM

30-1500 nM, 360 pM

1-5 M, 360 pM
1500 nM, 2-18 mM, 360 ph

1500 nM, 4-32 mM, 1 pM, 360 |
4-32 mM, 1 pM, 360 pM

30 nM, 1 pM, 360 pM
360-720 uM

1.5 M, 10 pM, 360 pM

1500 nM, 2-16 mM,360 ph
10 uM, 384 pM

10 pM, 360 pM

1.5 uM, 360 pM

120 nM, 5-20 uM, 360-720 M
10 pM, 360 pM

17H1/2022 THY (Sigma) pH = 6.60, 50 mM Gly
17H1/2022 THY (Sigma) pH = 6.60, 50 mM Gy
1811142022 THE (Sigma) pH = 6.60, 50 mM Gy
18111/2022 THE (Sigma) pH = 6.60, 50 mM Gly
18/11/2022 THE (Sigma) pH = 6.60, 50 mM Gy
18/01/2023 THE (Sigma) pH = 6.60, 50 mM Gy
03/02/2023 THY (Sigma) pH = 6.60, 50 mM Gly,
10/02/2023 THY (Sigma) pH = 6.60, 50 mM Gly,

Le
LP
10/02/2023 THY (Sigma) pH = 6.60, 50 mM Gly, L, P
LP

1202/2023 THY (Sigma) pH = 6.60, 50 mM Gly,

13022023 THY (Sigma) pH = 6.60, 50 mM Gly, L, P
20/02/2023 THY (Sigma) pH = 6.60, 50 mM Gly, L, P

20/02/2023 TH (Sigma) pH = 6.60, L, P
20/02/2023 TH (Sigma) pH = 660, L, P
24/02/2023 THS (Sigma) pH = 6.60, L, P
24/02/2023 TH (Sigma) pH = 6.60, L, P
2710202023 TH (Sigma) pH = 6.60, L, P
10/03/2023 THE (Sigma) pH = 6.60, L, P, 0.4% Gly
10/03/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
16/03/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
17/03/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
24/03/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
28/03/2023 THY (Sigma) pH = 6.60, 50 mM Gly
28/03/2023 THY (Sigma) pH = 6.60, 50 mM Gly
28/03/2023 THY (Sigma) pH = 6.60, 50 mM Gly
29/03/2023 THY (Sigma) pH = .60, 50 mM Gly
29/03/2023 THY (Sigma) pH = £.60, 50 mM Gly
14/04/2023 THE (Sigma) pH = 6.50, 50 mM Gly
14/04/2023 THE (Sigma) pH = 6.60, 50 mM Gy

THO (Sigma) pH = 6.60, 50 mM Gy,
18i04/2023 6.5 MM K2504

TH3 (Sigma) pH = 6.60, 50 mM Gy,
18/04/2023 6.5 mM K2504

THY (Sigma) pH = 6.80, 50 mM Gy,
18/04/2023 6.5 mM K2S04

THO (Sigma) pH = 6.60, 50 mM Gy,
21/04/2023 16.5 mM K2504

THO (Sigma) pH = 6.60, 50 mM Gy,
21/04/2023 16.5 MM K2504

TH3 (Sigma) pH = 6.60, 50 mM Gy,
21/04/2023 16.5 mM K2504
25/04/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly

THS (Sigma) pH = .60, 50 mM Gy,
28/04/2023 36.5 mM K2504

THO (Sigma) pH = 6.60, 50 mM Gy,
26/04/2023 36.5 mM K2504
09/05/2023 THY (Sigma) pH = 6,60, 50 mM Gly

09/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
09/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
09/05/2023 THY (Sigma) pH = £.60, 50 mM Gly
10/05/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
12/05/2023 THE (Sigma) pH = 6.60, 50 mM Gly
12/05/2023 THE (Sigma) pH = 6.60, 50 mM Gly
27/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
27/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
27/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
31/05/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
31/05/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
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216 M. smegmatis

217 M. smegmatis
218 M. smegmatis

229 M. smegmatis
230 M. smegmatis

231 M. smegmatis
232 M. smegmatis
233 M. smegmatis
234 M. smegmatis
235 M. smegmatis
236 M. sregmatis
237 M. smegmatis
238 M. smegmatis
239 M. sregmatis
240 M. smegmatis
241 M. smegmatis
242 M. smegmatis

243 M. smegmatis

244 M. smegmatis

245 M. smegmatis

246 M. tuberculosis
247 M. tuberculosis
248 M. tuberculosis
249 M. tuberculosis
250 M. tuberculosis
251 M. tuberculosis

AfpED32V THI

AfpED32V TH9

mc2155  TH9

AcydABAB THI

AcydABAB THI

AcydABAB THI

AcydABAB THI

AcydABAB THI

mc2155  THI

mc2155  THI

mc2155  THI

mc2155  TH9

mc2155  THI

mc2155  THI

AcydABAB THI

AcydABAB THI

AcydABAB THI

mc2155  THI

mc2155  THI

mec2155  THY + 14 nM BDOQ
me2155  TH9

me2155  TH3 + 14 nM BDQ
AgerB THa

AgerB THa

mc2155  THI

mc2155  TH9

mc2155  TH9

mc2155  TH9

me2155  7THI + 30 nM BDQ
mc2155  TH9

me2155  7THI + 30 nM BDQ
mc2155  TH9

mc2155  TH9

mc2155  THS

mc2155  THS

mc2155  THI

mc2155  THI

mc2155  THI

mc2155  TH9

mc2155  THI

mc2155  THI

mc2155  THI

AtpED32V THI

AfpED32V THI

me2155  TH9

mec26206 THO + L+ P+ 0OADC
mc26206 THI+L+ P+ 0ADC
mc26206 THI+L+ P+ 0ADC
mc26206 THI+L+ P+ O0ADC
mc26206 TH9 +L + P+ 0ADC
mc26206 TH9 +L + P+ 0ADC

0.05 Glycerol + D-Ara

0.05 Glycerol + D-Ara
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol

0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol

0.05 Glycerol
0.05 Glycerol
0.05 Glycerol

0.05 Glycerol
0.05 Glycerol

0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol

0.05 Glycerol + D-Ara

0.05 Glycerol + D-Ara
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol

4 BDQ, TFPZ

3 BDQ, TFPZ
4 BDQ, TFPZ, Na25204
5 BDQ, TFPZ, Na25204
5 BDQ, TFPZ, Na25204
5 FCCP, TFPZ, Na25204

5 CCCP, TFPZ, Ma25204
5 CCCP, TFPZ, Ma25204

4 TREZ

4 CCCP, TFPZ, Na25204

3 FCCP, TFPZ, Na25204
3 CCCP, TRZ, Na2S204
3.5 FCCP, TRZ, Na25204
4.5 BAM15, TRZ, Ma25204
3.25 CCCP, TRZ, Na2S204
4.25 FCCP, TRZ, Ma25204
BDQ, CCCP, TRZ,
3 Naz5204
25 TRZ, Na25204
2 TRZ, Na25204
2.5 TRZ, Na25204
1.25 TRZ, Na25204
1.5 TRZ. Na25204
3 BDQ, TRZ, Na25204
225 CCCP, TRZ, Na25204
5 TRZ, Na25204
“alinomycin, Nigericin,
5 TRZ, Na25204
5 CFZ, BDQ
2.5 TRZ, NaZz5204

5 TRZ, Na25204
1.25 TRZ, Na25204

167 TRZ, Na25204
4 CFZ

2.5 CFZ, (20 minute wait) BOQ

5 CFZ BDQ
4 CCCP, TRZ. Na25204
4 CFZ
4 CFZ, KCN
2.5 CFZ. BDQ, KCN
4 Migericin
5 DCCD
5 DCCD
5 DCCD

5 BDQ

5 BDQ
3.5 EtOH
30 EtOH
30 EtOH
30 BDQ
30 BDQ
30 BDQ
30 CCCP

30-1500 NM, 360 pM

30-1500 nM, 360 pM
30-1500 nM, 360 pM
30-1500 nM, 360 pM
30-1500 nM, 360 pM
1-31 M, 360 pM
1-31 M, 360-720 uM
1-25 uM, 360 pM

360 pM

1-25 pM, 360 pM
1-25 uM, 360 pM
1-25 uM, 360 ph
1-25 uM, 360 ph
1-25 uM, 360 ph
1-25 pM, 36D pM
1-25 pM, 36D pM

30 nM, 1-5 pM, 360 pM
360 uM

360 uM

360 uyM

360 uyM

360 uyM

30-1500 nM, 360 pM
1-25 pM, 360 pM
360 pM

10 pM, 1 pM,

360 uM

750 nM, 30 n

360 pM

360 uyM
360 uyM

360 uyM

750 nM

750 nM, 30 nM
750 nM, 30 nM
1-25 pM, 360 pM
750 nM

750 nM, 200 pM
750 nM, 30 nM, 100 uM
1 pM

510 pM

10 pM

10 pM

30 nM

30 nM
SuL
5puL
5uL

10 M
120 nM
120 nM
525 uM

TH (Sigma) pH = 6.60, 50 mM Gly,

01/08/2023 5 mM D-Ara

THO (Sigma) pH = 6.60, 50 mM Gly,

01/06/2023 5 mM D-Ara

07/06/2023 7HS (Sigma) pH = 6.60, 50 mM Gly
07/06/2023 7HY (Sigma) pH = 6.80, 50 mM Gly
07/06/2023 7HY (Sigma) pH = 6.80, 50 mM Gly
13062023 THO (Sigma) pH = .60, 50 mM Gly
13/D6/2023 THO (Sigma) pH = £.60, 50 mM Gly
13/06/2023 THS (Sigma) pH = 6.60, 50 mM Gly
22/06/2023 THS (Sigma) pH = 6.60, 50 mM Gly
22/06/2023 THS (Sigma) pH = 6.60, 50 mM Gly
22/06/2023 THS (Sigma) pH = 6.60, 50 mM Gly
27/06/2023 THY (Sigma) pH = 6.60, 50 mM Gly
27/06/2023 THE (Sigma) pH = 6.60, 50 mM Gly
27/06/2023 THE (Sigma) pH = 6.60, 50 mM Gly
29/06/2023 THY (Sigma) pH = 6.60, 50 mM Gly
29/06/2023 THE (Sigma) pH = 6.60, 50 mM Gly

29/06/2023 THY (Sigma) pH = 6.60, 50 mM Gly
11/07/2023 7HS (Sigma) pH = £.60, 50 mM Giy
11/07/2023 7HS (Sigma) pH = £.60, 50 mM Giy
11/07/2023 THE (Sigma) pH = £.60, 50 mM Gly
12/07/2023 THE (Sigma) pH = £.60, 50 mM Gly
12/07/2023 THS (Sigma) pH = £.60, 50 mM Gly
18/07/2023 THS (Sigma) pH = 6.60, 50 mM Giy
18/07/2023 THS (Sigma) pH = 6.60, 50 mM Giy
08/08/2023 THS (Sigma) pH = 6.60, 50 mM Gly

08/08/2023 THS (Sigma) pH = 6.60, 50 mM Gly
08/08/2023 THS (Sigma) pH = 6.60, 50 mM Gly
08/08/2023 THS (Sigma) pH = 6.60, 50 mM Gly

THA (Sigma) pH = 6.60, 50 mM Gly,

08/08/2023 30 nM BDQ

0908/2023 7HY (Sigma) pH = 6.60, 50 mM Gly
THO (Sigma) pH = 6.60, 50 mM Gly,

0872023 30 nM BDQ

15/08/2023 THS (Sigma) pH = £.60, 50 mM Gly
15/08/2023 THS (Sigma) pH = .60, 50 mM Gly
15/08/2023 THS (Sigma) pH = £.60, 50 mM Gly
15/08/2023 THS (Sigma) pH = £.60, 50 mM Gly
22/08/2023 THY (Sigma) pH = 6.60, 50 mM Gly
22/08/2023 THY (Sigma) pH = 6.60, 50 mM Gly
22/08/2023 THY (Sigma) pH = 6.60, 50 mM Gly
23/08/2023 THS (Sigma) pH = 6.60, 50 mM Gly
23/08/2023 THY (Sigma) pH = 6.60, 50 mM Gly
23/08/2023 THY (Sigma) pH = 6.60, 50 mM Gly
23/08/2023 THY (Sigma) pH = 6.60, 50 mM Gly

THA (Sigma) pH = 6.60, 50 mM Gly,

31/08/2023 5 mM D-Ara

7HS (Sigma) pH = 6.60, 50 mM Gly,

31/08/2023 5 mM D-Ara

31/08/2023 THY (Sigma) pH = 6.60, 50 mM Gly

04/09/2023 THY (Sigma) pH = 6.60
04/09/2023 THY (Sigma) pH = 6.60
04/09/2023 THY (Sigma) pH = 6.60
05/09/2023 THY (Sigma) pH = 6.60
05/09/2023 THY (Sigma) pH = 6.60
05/09/2023 THY (Sigma) pH = 6.60

L, P, 0.4% Gly
L, P, 0.4% Gly
L, P, 0.4% Gly
L, P, 0.4% Gly
L, P, 0.4% Gly
,L, P, 0.4% Gly
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252 M. tubercufosis
253 M. smegmatis
254 M. smegmatis
255 M. smegmatis
256 M. smegmatis
257 M. smegmatis
258 M. smegmatis
259 M. smegmatis
260 M. tubercufosis
261 M tubercufosis
262 M. tubercufosis
263 M tubercufosis
264 M. smegmatis
265 M. smegmatis
266 M. smegmatis
267 M. smegmatis
268 M. smegmatis
269 M. smegmatis
270 M. smegmatis

271 M. smegmatis

272 M tubercufosis
273 M tubercufosis
274 M tubercufosis
275 M. tubercufosis
276 M. tubercufosis
277 M tubercufosis
278 M tubercufosis
279 M. tubercufosis
280 M tubercufosis
281 M tubercufosis
282 M tubercufosis
283 M tubercufosis
284 M tubercufosis
285 M tubercufosis
286 M tubercufosis
287 M tubercufosis
288 M tubercufosis
289 M tubercufosis
290 M tubercufosis
291 M tubercufosis
292 M tubercufosis
293 M tubercufosis
294 M tubercufosis
295 M tubercufosis
296 M tubercufosis
297 M tuberculosis
298 M tubercufosis
299 M tubercufosis
300 M. fuberculosis
301 M fuberculosis
302 M. tuberculosis
303 M fuberculosis
304 M fuberculosis
305 M. tuberculosis
306 M. tuberculosis
307 M. tuberculosis
308 M fuberculosis
309 M. tuberculosis

mc26206 THI +L + P+ OADC
me2155  THS

AcydABAB THS

AcydABAB THS

me2155  THS

me2155  THS

me2155  THS

AcydABAB THS

me26206 THI + L+ P+ OADC
me26206 THI + L+ P+ OADC
me26206 THI + L+ P+ OADC
me26206 THI + L+ P+ OADC
me2155  THS

me2155  THS

AcydABAB THS

AcydABAB THS

me2155  THS

mec2155  THS

AcydABAB THS

mec2155  THS

AcydAB THS + P+ 0ADC
AcydAB THS + P+ 0ADC
AcydAB THS + P+ 0ADC
AeydAB TH3 + P+ 0ADC
AcydAB THS + P+ 0ADC
AcydAB THS + P+ 0ADC
AcydAB THS + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
AeydAB THS + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
AeydAB THS + P+ 0ADC
AcydAB THS + P+ 0ADC
AeydAB THS + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
me26230 THI + P+ 0ADC
AcydAB THS + P+ 0ADC
AcydAB THS + P+ 0ADC
AeydAB THS + P+ 0ADC
me26230 THI + P+ 0ADC
mec26230 THI + P+ 0ADC
mec26230 THI + P+ 0ADC
AcydAB THS + P+ 0ADC
AcydAB THS + P+ 0ADC
AcydAB  TH9 + P+ 0ADC
me26230 THY + P+ OADC
mec26230 THI + P+ 0ADC
mec26230 THI + P+ 0ADC

THS + P+ OADC

0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral

0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral

30 BDQ
5 BDQ
5 BDQ
4 BDQ
5 EtOH
5 EtOH
3 BDQ
5 BDQ
30 BDQ
30 ccce
30 ccce
30 BDQ
7.5 CFZ, BDQ, KCN
5 CFZ, BDQ, KCN
3.5 CFZ, BDQ, KCN
3 CFZ, KCN, BDQ
5 BDQ
5 CFZ, KCN, BDQ
10 BDQ, KCN
CCCP, rotenone, 3MP,
10 TFPZ, Na25204
35 EtOH
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BDQ
35 BtOH
35 EtOH
35 BtOH
35 BDQ
35 BtOH
35 BtOH
35 BDQ
35 BDQ
35 CCCP
35 BtOH
35 CCCP
35 BDQ
35 EtOH
35 ccce
35 CCCP
35 DCCD
35 DCCD
35 ccce
35 Migericin
35 CCcp
35 Migericin
35 DCCD
35 DCCD
35 DCCD

10 M
10 pM

10 pM

10 M

5L

5pL

10 pM

10 pM

120 nM

525 UM

525 UM

10 pM

35 M, 30 nM, 100 pM
70 nM, 30 nM, 100 pM
70 nM, 30 Nk, 100-200 ph
70 nM, 100 pM, 30 nM
30 nM

70 nM, 100 pM, 30 i
30 M, 100 pM

1-25 pM, 5 pM, 50 pM,
360 pM

5L

120 nM

10 M

10 M

120 nM

120 nM

10 M

10 M

10 pM

10 pM

120 nM

120 nM

120 nM

120 nM

5pL

5pL

5pL

10 pM

5pL

5pL

120 nM

10 pM

525 UM

5pL

525 UM

120 nM

5pL

525 UM

525 UM

10-70 pM

70 pM

525 uM

1 pM

525 uM

1 pM

70 pM

70 pM

TOuM

05/09/2023 THE (Sigma) pH = 6.60, L, P, 0.4% Gly
07/09/2023 7HE (Sigma) pH = 6.60, 50 mM Gly
07/09/2023 7HS (Sigma) pH = 6.60, 50 mM Gly
07/09/2023 7HS (Sigma) pH = 6.60, 50 mM Gly
0B/09/2023 7HE (Sigma) pH = 6.60, 50 mM Gly
0B/09/2023 7HS (Sigma) pH = 6.60, 50 mM Gly
0B/09/2023 7HS (Sigma) pH = 6.60, 50 mM Gly
0B/09/2023 7HE (Sigma) pH = 6.60, 50 mM Gly
11/09/2023 THO (Sigma) pH = 6.60, L, P, 0.4% Gly
11/09/2023 THO (Sigma) pH = 6.60, L, P, 0.4% Gly
11/09/2023 THO (Sigma) pH = 6.60, L, P, 0.4% Gly
11/09/2023 THO (Sigma) pH = 6.60, L, P, 0.4% Gly
17/11/2023 THO (Sigma) pH = £.60, 50 mM Gly
17/11/2023 THI (Sigma) pH = £.60, 50 mM Gly
17/11/2023 THI (Sigma) pH = £.60, 50 mM Gly
17/11/2023 THI (Sigma) pH = £.60, 50 mM Gly
21/11/2023 7HS (Sigma) pH = 6.60, 50 mM Gly
21/11/2023 7HS (Sigma) pH = 6,60, 50 mM Gly
21/11/2023 7HS (Sigma) pH = 6.60, 50 mM Gly

211172023 THS (Sigma) pH = 6.60, 50 mM Gly
23012024 THO (Sigma) pH = 6.60, P, 0.4% Gly
24/01/2024 THE (Sigma) pH = 6.60, P, 0.4% Gly
24/01/2024 TH9 (Sigma) pH = 6.60, P, 0.4% Gly
25/01/2024 THS (Sigma) pH = 6.60, P, 0.4% Gly
25/01/2024 THE (Sigma) pH = 6.60, P, 0.4% Gly
25/01/2024 THE (Sigma) pH = 6.60, P, 0.4% Gly
01/02/2024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
01/02/2024 7HY (Sigma) pH = 6.60, P, 0.4% Gly
01/02/2024 THS (Sigma) pH = 6.60, P, 0.4% Gly
05/02/2024 THY (Sigma) pH = 6.60, P, 0.4% Gly
05/02/2024 THY (Sigma) pH = 6.60, P, 0.4% Gly
05/02/2024 THY (Sigma) pH = 6.60, P, 0.4% Gly
0B/02/2024 THY (Sigma) pH = 6.60, P, 0.4% Gly
0B/02/2024 THY (Sigma) pH = 6.60, P, 0.4% Gly
0B/02/2024 THS (Sigma) pH = 6.60, P, 0.4% Gly
091022024 7HY (Sigma) pH = 6.60, P, 0.4% Gly
12/02/2024 THI (Sigma) pH = 6.60, P, 0.4% Gly
12/02/2024 THI (Sigma) pH = 6.60, P, 0.4% Gly
12/02/2024 THI (Sigma) pH = 6.60, P, 0.4% Gly
13/02/2024 THO (Sigma) pH = 6.60, P, 0.4% Gly
13/02/2024 7HS (Sigma) pH = £.60, P, 0.4% Gly
13/02/2024 THO (Sigma) pH = 6.60, P, 0.4% Gly
19/02/2024 7HO (Sigma) pH = 6.60, P, 0.4% Gly
19/02/2024 THI (Sigma) pH = 6.60, P, 0.
19/02/2024 7HO (Sigma) pH = 6.60, P, 0.4% Gly
200022024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
20/02/2024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
200022024 THS (Sigma) pH = 6.60, P, 0.4% Gly
26/02/2024 THE (Sigma) pH = 6.60, P, 0.4% Gly
26/02/2024 THS (Sigma) pH = 6.60, P, 0.4% Gly
26/02/2024 THS (Sigma) pH = 6.60, P, 0.4% Gly
01/03/2024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
01/03/2024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
01/03/2024 7HY (Sigma) pH = 6.80,
04/03/2024 THY (Sigma) pH = 6.80, P, 0.
04/03/2024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
04/03/2024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
05/03/2024 THY (Sigma) pH = 6.60, P, 0.4% Gly
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310 M. tuberculosis
311 M. tuberculosis
312 M. tuberculosis
313 M. tuberculosis
314 M tuberculosis
315 M. tuberculosis
316 M. tuberculosis
317 M. tuberculosis

318 M smegmatiz
319 M. smegmatis
320 M. smegmatis
321 M. smegmatis
322 M. smegmatis
323 M. smegmatis

324 M. smegmatis
325 M. smegmatis

AeydAB THS + P + QADC
AeydAB THS + P + QADC
AeydAB THS + P + QADC
AeydAB THS + P + QADC
AcydAB THS + P + QADC
me26230 THY + P + QADC
me26230 THY + P + QADC
me26230 THY + P + QADC
AfpED32Y THS
ApED3ZV THS
AfpED32Y THS
ApED3ZV THS
me2155  THS
me2155  THY
mec21535  THS
me2155  THY

0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral

0.05 Glycerol + D-Ara
0.05 Glycerol + D-Ara
0.05 Glycerol + D-Ara
0.05 Glycerol + D-Ara
0.05 Glycerol + D-Ara
0.05 Glycerol + D-Ara

0.05 Glycerol + D-Ara
0.05 Glycerol

na
na
07
07
0.7
1.1
1.1
1.1

23

24
09

35 DCCD
35 DCCD
35 Migericin
35 Migericin
35 BDQ

35 Migenicin
35 Migenicin
35 DCCD

5 BDQ

5 BDQ

4 BDQ
3.5 BDOQ

7 BDOQ

3 BDQ

3.5 BDO
7 Migericin

70 M
T0-140 pM
1M
1M

10 M
1M
1M
T0-140 pM

30 nM, 300 nM, 1.5 uM
30 nM, 300 nM, 1.5 uM
30 nM, 300 nM, 1.5 uM
30 nM, 300 nM, 1.5 uM
30 nM, 300 nM, 1.5 uM
30 nM, 300 nM, 1.5 uM

30 nM, 300 nM, 1.5 uM
1M

05/03/2024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
05/03/2024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
DE/03/2024 7HS (Sigma) pH = 6.60, P, 0.4% Gly
DE/03/2024 7HI (Sigma) pH = 6.60, P, 0.4% Gly
DE/03/2024 THE (Sigma) pH = 6.60, P, 0.4% Gly
11/03/2024 THO (Sigma) pH = 6.60, P, 0.4% Gly
11/03/2024 THO (Sigma) pH = £.60, P, 0.4% Gly
11/03/2024 THO (Sigma) pH = 6.60, P, 0.4% Gly

THO (Sigma) pH = 6.60, 50 mM Giy,
20/05/2024 5 mM D-Ara

THO (Sigma) pH = 6.60, 50 mM Giy,
20/05/2024 5 mM D-Ara

THO (Sigma) pH = 6.60, 50 mM Giy,
20/05/2024 5 mM D-Ara

THO (Sigma) pH = 6.60, 50 mM Giy,
20/05/2024 5 mM D-Ara

THO (Sigma) pH = 6.60, 50 mM Giy,
21/05/2024 5 mM D-Ara

THS (Sigma) pH = 6.60, 50 mM Giy,
21/05/2024 5 mM D-Ara

THO (Sigma) pH = 6.60, 50 mM Giy,
21/05/2024 5 mM D-Ara
21/05/2024 THS (Sigma) pH = 6.60, 50 mM Gly
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